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Abstract 
In response to the concerns over the accumulation of plastic wastes, the wood plastic composites 
(WPCs) industry has been in particular interest in replacing the petroleum-based polymer matrices 
with biopolymers. Polyhydroxyalkanoates (PHAs) are potential candidates as these biopolymers can 
be degraded readily under ambient conditions and can be synthesised intracellularly by bacteria from 
renewable/waste resources. Their low melt viscosity can also be an advantage in processing. While 
there is a considerable body of literature on PHA-based WPCs, the majority of the studies have 
focused on mechanical property optimisation but their mechanical stability and biodegradability were 
poorly understood. Therefore, this thesis explored the fundamental characteristics of PHA/wood flour 
(WF) composites with focus on the micro-structure-property relationship and end-of-life behaviour.  
The extrusion processing setup for composites of a commercially available poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) and WF was first optimised. A logical next step involved the 
optimisation of mechanical properties through the use of carefully selected chemical compatibilisers 
and additives. The expected benefits of chemical compatibilisers were outweighed when compared 
to the alteration of micro-structure by the non-reactive micro-sized talc filler. An innovative approach 
for improving processabilty and toughness was then investigated through the inclusion of tougher 
PHA copolymers including an in-house mixed culture PHBV, for further cost reduction. The potential 
of this strategy was demonstrated by the improvement, albeit marginal, in composite strain at break.  
The real-time studies of mechanical stability and biodegradability brought new insights to this 
biocomposite. Uncoated PHBV/WF composites were stable under indoor ambient conditions for at 
least 1 year. Exposure to outdoor environment, however, led to reduced mechanical stability. It was 
determined to be solely associated with the mould growth on the exposed hygroscopic wood particles. 
The unique advantage of PHBV/WF composites was demonstrated with respect to their significantly 
higher biodegradation rate in soil than PLA/WF and PE/WF composites. The presence of wood 
accelerated the biodegradation and reduced the mechanical stability of the composites in soil. A 
micro-mechanical schematic model was used to illustrate the phenomena. In addition, it was shown 
that PHA-based WPCs are physically and mechanically stable unless they are exposed to colonies of 
microorganisms such as moisture-induced mould or those found in soil communities. 
Overall, this thesis provided better insights into the strong correlations between the micro-structure 
and the properties of PHA-based WPCs, both initially and in the long-term. Wood particles played 
an important role in both their performance and biodegradation. To conclude, this thesis has paved 
the way for development of novel bio-derived and biodegradable composites which provide utility 
what would otherwise be a low-value stream from the forestry product manufacturing processes.  
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 Introduction 
 Background and motivations 
A composite is a material formed from two or more materials that, when combined, yield a new 
material with properties different from the individual components. Reinforced plastic composites are 
a recent class of composite materials in which fibres of high modulus are added to a polymer matrix 
to overcome the low modulus and thermal instability of plastics. Inorganics such as glass fibres and 
ceramics have traditionally been used as the reinforcement for composites. However, in recent years, 
the use of organic reinforcements, such as lignocellulosic-based fibres, have been emerging rapidly 
into the market, due to their attractive advantages over traditional inorganic reinforcements such as 
being low-cost, light weight, renewable, abundantly available in nature, and biodegradable [Faruk et 
al., 2012].  
Wood plastic composites (WPCs) have been burgeoning internationally in the past decades. The 
WPCs market is projected to be worth up to US$5.8 billion globally by 2021 with a forecasted 
compound annual growth rate of 12.2% between 2016 and 2021 [Marketsandmarkets, 2016]. 
Wood plastic composites have been emerging in daily life throughout the past decades, from 
structural components to commodity products. Figure 1-1 highlights the current applications of 
WPCs, which include furniture, fencing, containers and car interiors. Typically, WPCs are made up 
of three components: polymer matrix, wood reinforcement and additives. Polypropylene (PP), 
polyethylene (PE), and polyvinyl chloride (PVC) remain the most common polymer matrices used in 
commercial WPCs products. The type of wood varies from softwoods such as radiata pine to 
hardwoods such as oak. The morphology of wood reinforcements can be particulate flour or longer 
fibres. With a relatively low production cost, wood reinforcements are included at high contents 
typically ranging from 40 wt% to 60 wt%, and even at 70 wt% in commercial products. The use of 
wood flour (WF), which is the chosen wood reinforcement in this study, is attractive for many 
reasons. It is abundantly available, produced as a by-product from the forestry industry (e.g. sawdust). 
Its inclusion in WPCs is thereby utilising what would otherwise be a waste stream.  
WPCs are typically stiff and brittle but the incorporation of additives such as plasticisers, lubricants, 
processing aids, fillers etc. can alter the processing, mechanical and aging properties [Kumar et al., 
2011]. The typical ranges of tensile strength, tensile modulus, and elongation at break of commercial 
WPCs are 12 – 47 MPa, 0.8 – 5.6 GPa and 1.4 – 5.4%, respectively. Different types of additives offer 
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specific advantages to the product. Plasticisers and lubricants are used to improve the processing and 
material properties of WPCs, while the use of coupling agents and inorganic fillers can tailor the 
properties for specific applications. Protective agents such as antioxidants, flame retardants and UV 
stabilisers are also used to improve the stability of WPCs.  
 
Figure 1-1: Commercial products made from wood plastic composites (PP, PE and PVC): (a) Park 
furniture (Integrated Recycling, Australia) [Integrated-Recycling]; (b) Screening (Integrated 
Recycling, Australia) [Integrated-Recycling]; (c) Tool box (JELU-Werk, Germany) [Jeluplast]; (d) 
Plant boxes (SevenTrust, China) [Seventrust] (e) Car interior (JELU-Werk, Germany) [Jeluplast] 
With attractive mechanical properties, polyolefins, such as PE and PP, remain the primary resins used 
in commercial WPCs. They are also cost effective and durable, with relatively low moisture 
permeability. However, polyolefin-based WPCs are a mix of synthetic and biological materials. 
Hence, they are difficult to recycle and the encapsulation of the wood by the essentially non-
biodegradable polyolefin means that these materials as a whole are effectively non-biodegradable.  
In recent years, research has turned to maximising the use of wholly renewable and biodegradable 
materials to replace traditional polyolefins as the raw material components of WPCs [Faruk et al., 
2012, 2014; Gurunathan et al., 2015; Satyanarayana et al., 2009]. The reasons for this include: 
increasing concerns about the environmental impact of polymers and/or composites due to an 
increased awareness of environmental sustainability and end-of-life management; pressures for 
reducing the over-dependence on petroleum-based chemical resources; concerns about the volume of 
waste accumulating in landfills; and drives towards a circular economy, in Europe in particular. The 
use of biodegradable polymers as the matrix for WPCs potentially ensures complete biodegradability 
of the composite, and the applications of WPCs can, therefore, be extended to relatively short-term 
Chapter 1 
28 
 
uses such as food packaging as well as mid/long-term uses such as pallets and interior furnishing, 
where recycling and ease of after-life management becomes a valued material attribute.  
Different types of biodegradable thermoplastics including both bio-derived (e.g. polylactic acid 
(PLA) via fermentation, polyhydroxyalkanoate (PHA), starch, and cellulose esters) and petroleum 
derived (PLA via chemical synthesis and polycaprolactone (PCL)) are commercially available and 
well-studied. They have many general properties comparable to traditional polyolefins and possess 
the advantage of being compostable and/or biodegradable. Wood-based reinforcements are emerging 
rapidly in composite applications due to their low-cost, light weight, abundance and biodegradability. 
The resulting composites deliver advantages over other composites such as glass fibre and thermoset 
composites in terms of their full biodegradability and mouldability. However, their relatively high 
cost of production and susceptibility to thermal degradation have been their limitations when 
compared to other composites.  
Polyhydroxyalkanoates (PHAs) have a number of attributes which make them an ideal ingredient in 
WPCs. Short chain length (scl) PHAs such as poly(3-hydroxybutyrate) (P(3HB)) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and have properties that are very similar to 
petroleum-derived plastics such as polypropylene [Chen, 2005]. They are particularly attractive for 
composite applications as they have better melt flow and hence better contact between wood fibre 
and the biopolymer than for polyolefins [Gatenholm et al., 1992]. They are also water resistant, and 
can be generated on-site from waste streams. However, their reported incompatibility with wood 
remains a major challenge for accomplishing optimum reinforcing effects. The interfacial adhesion 
and the stress transfer between interfaces are the governing factors in composites’ properties. In fact, 
there are numerous opportunities to optimise the performance of PHA-based WPCs.  
 Thesis Scope and objectives 
The overall aim of this project is therefore to develop a novel low-cost, high-performance bio-derived 
and biodegradable WPCs based on PHA and WF. This study identified the most important 
components in composite formulations that affect the composite performance and determined the 
optimal formulation based on mechanical properties analysis. The thesis covered the full life cycle of 
biocomposites, from the manufacturing line, including processing and property optimisation, to in-
use performance, including indoor and outdoor conditions, and end-of-life analysis. The five main 
research objectives (RO) of the thesis were to: 
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1. Develop a manufacturing process to achieve commercially-relevant mechanical properties of 
the composite 
2. Establish a correlation between micro-structure and the composites’ properties with respect 
to the use of compatibilisation techniques and the addition of additives 
3. Explore the use of alternate tough PHA copolymers and their effects on the bulk properties of 
the composites 
4. Assess the indoor and outdoor in-use performance and stability of PHA/WF composites 
5. Characterise the end-of-life biodegradability of PHA/WF composites 
 Thesis outline 
The Thesis is divided into 10 chapters with five main research chapters addressing the five research 
objectives (chapters 5 to 9). It flows from the background and motivations; the materials and method 
used; presentation and discussion of research results; and ends with conclusions and 
recommendations. A brief summary of each chapters is as follows: 
Chapter 1 provides the background, motivation and the outline of this Ph.D. thesis.  
Chapter 2 is a comprehensive literature review on the state of the art of composites with 
biodegradable polymers and wood fibres.  
Chapter 3 summarises the thesis objectives developed from the background literature review and the 
approach to address these objectives. 
Chapter 4 gives the descriptions of the general composite processing methods and the material 
characterisation techniques for the neat polymers and the composites that were used throughout the 
Thesis. 
Chapter 5 presents experimental results from the development of an optimised extrusion process for 
PHA/WF composites using a commercial grade PHBV, which addresses RO1. This includes 
benchmarking of the material properties of the as-produced PHBV/WF composites at different WF 
contents. 
Chapter 6 summarises the results of the effect of compatibilisation and additives on the composites’ 
properties. The correlations between micro-structure and properties are also presented. The outcomes 
addresses RO2.  
Chapter 7 addresses RO3. Chapter 7 studies the effect of the inclusion of 3-hydroxyvalerate (3HV) 
and 4-hydroxybutyrate (4HB) comonomers on the composites’ properties. It introduces the use of in-
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house mixed culture PHBV and tougher poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) 
in wood plastic composites systems. The rheological, thermal and mechanical properties are reported, 
analysed and compared 
Chapter 8 addresses the general concerns on the stability of biocomposites by assessing the indoor 
and outdoor in-use performance and stability of PHBV/WF composites, which addresses RO4.  
A comprehensive biodegradation study is presented in Chapter 9 to address RO5. The results are 
reported along with critical analysis and discussions aiming to understand the underlying mechanism 
of the biodegradation of PHA/WF. 
Finally, Chapter 10 summarises the major findings from this thesis and provides recommendations 
for future research directions. 
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 Literature Review 
This chapter includes a modified version of paper entitled “Composites of wood and biodegradable 
thermoplastics: A review” which was published in Polymer Reviews.  
Reference: 
Chan, C. M., Vandi, L-J., Pratt, S., Halley P., Richardson, D., Werker, A., Laycock, B. (2018). 
Composites of wood and biodegradable thermoplastics: A review. Polymer Reviews. 58(3), 444-
494 
As the first author of this journal paper, I contributed significantly on the design and scoping of 
this literature review paper. I solely drafted the whole paper where the co-authors were involved 
mostly during the critical revision process.  
 
This chapter provided an overview of current understanding in the areas of composites made from 
biodegradable thermoplastics and wood reinforcements. The review found that the composites’ 
properties depend on the type of wood reinforcement, the choice of polymer matrix, the wood 
reinforcement content, the compatibilisation technique used and the processing parameters. The 
extent of interfacial adhesion and the reinforcement morphology were identified as the underlying 
factors that control the composites’ properties. Future research needs were identified, including 
establishment of fundamental relationships between quantified interfacial adhesion and end-use 
properties and advanced modelling of biodegradation processes. 
 Composites of wood and biodegradable thermoplastics – General 
background 
Until now, the use of biodegradable plastics in composite applications has reportedly been limited by 
higher cost, poor moisture and gas barrier properties, slow crystallisation rate, poor stability and 
narrow processing windows [Reddy et al., 2013]. Specific challenges that also have to be overcome 
for the commercialisation of bio-based WPCs include: 
 The high production cost of biopolymers; 
 An incompatibility between hydrophilic wood and relatively hydrophobic polymer that leads 
to an overall reduction in mechanical properties and stability; 
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 A requirement of mechanical and physical stability in selected service environments 
(particularly with respect to moisture uptake); 
 A lack of insight into the rate and extent of biodegradability that constitutes service 
applicability and the end-of-life environmental impact, particularly in different environments. 
These challenges are now being addressed, with current investigations seeking to improve the cost-
effectiveness of the production process, deliver a thorough understanding of the whole process from 
raw materials to end-of-life properties, as well as develop technologies to address the 
compatibilisation and stability issues. In addition, thorough life cycle analysis has to be performed to 
assess the environmental impact of this new generation of materials. The strategies that researchers 
have been using to overcome the above issues are reviewed herein. Recent reviews [Faruk et al., 
2012, 2014; Gurunathan et al., 2015] have summarised the literature on biocomposites reinforced 
with natural fibres. Given the broad range of natural fibres, the present review aims to focus 
specifically on the more recent literature for wood fibre and WF reinforced composites formed using 
biodegradable polymers. The present work will not address natural fibres from animals (e.g. silk or 
wool) and plants (e.g. hemp, flax) or cellulosic fibres. The overall picture of the biocomposites’ 
mechanical properties and the details of individual studies will be presented. It also presents the major 
challenges and critical issues in the broader context for the future of wood based biocomposites to 
highlight both challenges and the potential for growth for WPCs engineering and applications.  
 Biodegradable polymers in WPCs 
Biodegradable polymeric materials are polymers that can be converted into carbon dioxide, water and 
new biomass by bacteria or other living organisms due to biological activity such as enzymatic action. 
Biodegradable polymers can be synthesised from renewable resources in plants (e.g. PLA via 
fermentation, starch) and bacteria (e.g. PHA) as well as from non-renewable petroleum (e.g. synthetic 
polyesters (PLA via chemical synthesis and polycaprolactone (PCL)). The most commonly studied 
biodegradable polymers have been either polysaccharides (e.g. starch) or aliphatic polyesters (e.g. 
PHA, PLA and PCL). These biodegradable polymers have been entering the market in different 
sectors. Examples of commercial products made from biodegradable polymers include: plastic 
packaging made from starch [Plantictm], (Plantic, Figure 2-1f), cutlery made from starch [Biopak], 
(Biopak, Figure 2-1g), food containers based on PLA [Greengood], (GreenGood, Figure 2-1h) and 
beach toys made from PHA [Rydz et al., 2014], (Zoeb organics, Figure 2-1i). The typical mechanical 
and thermal properties of these biodegradable polymers in comparison to PP and PE are summarised 
in Table 2-1. Biodegradable polyesters including poly(3-hydroxybutyrate) (P(3HB)), a common PHA 
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homopolymer), PLA and PCL have similar mechanical properties to that of PP and PE, with P(3HB) 
and PLA being more brittle (Table 2-1). Starch possesses lower tensile strength and elongation at 
break when compared to PP and PE but the applications of plasticisers and polymer blends can 
improve its properties [Jiménez et al., 2012]. The material properties of P(3HB) can also be tailored 
through the inclusion of other monomers, such as 3-hydroxyvalerate. The wide range of properties of 
the resulting random copolymer, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is also 
presented in Table 2-1. The degree of surface hydrophobicity, as indicated by the surface free energy, 
is also an important property, particularly for WPCs applications, as it governs compatibility between 
the polymer matrix and the relatively hydrophilic wood reinforcement. The surface free energies, as 
determined by contact angle analysis, of PP, PE and the selected biodegradable polymers are 
presented in Table 2-2. When comparing the total surface energy, it is obvious that PHA, PLA and 
PCL are more hydrophilic than PP and PE, because of the ester groups. Starch is the most hydrophilic 
of the biodegradable polymers because of the hydroxyl groups that are available for hydrogen 
bonding.  
 
Figure 2-1: Commercial products made from wood plastic composites (PP, PE and PVC): (a) Park 
furniture (Integrated Recycling, Australia) [Integrated-Recycling]; (b) Screening (Integrated 
Recycling, Australia) [Integrated-Recycling]; (c) Tool box (JELU-Werk, Germany) [Jeluplast]; (d) 
Plant boxes (SevenTrust, China) [Seventrust] (e) Car interior (JELU-Werk, Germany) [Jeluplast]; 
And from biodegradable polymers: (f) starch packaging from Plantic [Plantictm]; (g) starch cutlery 
from BioPak [Biopak]; (h) PLA food containers from GreenGood [Greengood]; (i) PHA beach toys 
from Zoe b Organics [Rydz et al., 2014]  
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Table 2-1: List of typical properties of polymer 
Sample type Density Melting 
temperature, 
Tm (○C) 
Glass 
transition 
temperature, 
Tg (○C) 
Tensile 
strength 
(MPa) 
Tensile 
Young's 
modulus 
(GPa) 
Elongation 
at break 
(%) 
Melt flow index (specified 
temperature and weight) 
(g/10 min) 
P(3HB) 
[Laycock, 
Bronwyn et al., 
2014b] 
1.18 – 1.26 162 – 181 -4 – 18 19 – 44 1.2 – 4 0.8 – 4.5 12 – 19 (190○C, 2.16 kg) 
[Fernandes et al., 2004; 
Hablot et al., 2008; 
Pachekoskia et al., 2013] 
PHBV [Laycock, 
Bronwyn et al., 
2014b] 
(3HV content: 
3% - 71%) 
1.18 – 1.26 64 – 171 -13 – 10 1.8 – 51 0.14 – 8.7 1 - 970 -- 
PLA 
[Van De Velde & 
Kiekens, 2002] 
1.21 – 1.25 150 – 162 45 – 60 21 – 60 0.35 – 3.5 2.5 – 6 4 – 15 (190○C, 2.16 kg) 
[Carlson et al., 1999; Faludi 
et al., 2013; Jain et al., 2012; 
Kim et al., 2011] 
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PCL 
[Van De Velde & 
Kiekens, 2002] 
1.11 – 1.15 58 – 65 -65 – -60 21 – 42 0.21 – 0.44 300 – 1000 7 (160○C, 2.16 kg) 
[Sabo et al., 2013] 
Starch 
[Jiménez et al., 
2012] 
1.26 – 1.28 Amorphous 31 – 98 3.1 – 30 0.17 – 1.5 0.8 – 60 3 (150○C, 2.16 kg) 
[Morreale et al., 2008b] 
PP 
[Brostow, 2007; 
Drobny, 2012] 
0.90 – 0.91 160 – 169 -14 – -6 28 – 40 1.1 – 2.0 20 – 75 4 – 10 (190○C, 2.16 kg) 
[Cantero et al., 2003; Ndiaye 
et al., 2011; Ren et al., 2015; 
Sheshmani et al., 2012] 
HDPE 
[Brostow, 2007; 
Drobny, 2012] 
0.95 – 0.97 130 – 137 -125 – -90 20 – 40 0.70 – 1.4 100 - 1000 0.2 – 11 (230○C, 2.16 kg) 
[Abbas-Abadi et al., 2012] 
LDPE 
[Brostow, 2007; 
Drobny, 2012] 
0.92 – 0.93 105 – 125 -125 – -90 7 – 17 0.14 – 0.30 200 – 900 0.8 – 2 (230○C, 2.16 kg) 
[Abbas-Abadi et al., 2012] 
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Table 2-2: Surface free energy of selected polymers determined by contact angle measurement 
Polymer type Sample type Dispersive 
component 
of surface 
energy, 𝜸𝑺
𝑫 
(mJ/m2) 
Polar 
component 
of surface 
energy, 𝜸𝑺
𝑷 
(mJ/m2) 
Total 
surface 
energy, 
𝜸𝑺
𝑻 
(mJ/m2) 
References 
PE Plaque 28.4 0.4 28.8 [Gilpin et al., 
2015] 
PE Plaque 26.8 4.2 31.0 [Abdul-
Kader, 2013] 
PP Hot melt pressed 
sheet 
28.4 3.0 31.4 [Balart et al., 
2011] 
PP Plaque 27.1 0.9 28.0 [Gomathi & 
Neogi, 2009] 
PLA Extruded film 30.3 11.0 41.3 [Sarapirom et 
al., 2014] 
PLA Solvent-cast film 34.5 5.6 40.1 [Smith & 
Pitrola, 2002] 
PLLA Solvent-cast film 40.0 9.4 49.4 [Smith & 
Pitrola, 2002] 
PDLLA Solvent-cast film 37.9 6.8 44.7 [Smith & 
Pitrola, 2002] 
PHB Solvent-cast film 29.8 11.3 41.1 [Bonartsev et 
al., 2013] 
PHB Solvent-cast film Not specified 36.2 [Shishatskaya 
& Volova, 
2004] 
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PHBV with 4% 
3HV 
Solvent-cast film Not specified 36.2 [Shishatskaya 
& Volova, 
2004] 
PHBV with 4% 
18HV 
Solvent-cast film Not specified 34.7 [Shishatskaya 
& Volova, 
2004] 
PHBV with 
30% 3HV 
Solvent-cast film Not specified 34.9 [Shishatskaya 
& Volova, 
2004] 
PCL Monofilaments 
from melt spinning 
25.4 9.7 35.1 [Gupta et al., 
2013] 
Potato starch 
plasticised by 
glycerol 
Extruded sheet 5.4 65.2 70.6 [Zhang et al., 
2011] 
Water Liquid 21.8 51.0 72.8 [Zhang et al., 
2011] 
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 Poly(lactic acid) (PLA) 
Poly(lactic acid) (PLA), also known as polylactide, is a biodegradable aliphatic polyester that has 
been widely used in packaging and medical industries. The monomer, lactic acid, can be produced 
by the fermentation of plant feedstocks such as corn and potato [Ristić et al., 2011]. It has been 
extensively researched and widely utilised (see numerous published reviews [Farah et al., 2016; 
Mehta et al., 2005; Van De Velde & Kiekens, 2002] and note that Natureworks has a nominal 
production capacity of 140,000 tons per annum [Jamshidian et al., 2010]). There are three 
stereoisomers of PLA (Figure 2-2): Poly(L-lactide) (PLLA), poly(D-lactide) (PDLA) and poly(D,L-
lactide) (PDLLA) [Lopes et al., 2012]. Isotactic PLLA and PDLA are crystalline whereas atactic 
PDLLA copolymers, with between 5 to 95 mol% D-lactide content, are amorphous [Bouapao et al., 
2009]. PLA was first synthesised in 1932 by Carothers (Dupont) through condensation 
polymerisation of lactic acid. However, high molecular weight PLA with good mechanical properties 
is not easy to obtain through this synthetic route. Through extensive research, the ring-opening 
polymerisation of cyclic lactide was developed for the production of high molecular weight PLA 
[Leenslag & Pennings, 1987]. Most commercial PLAs are manufactured via ring-opening 
polymerisation using a single-step reactive extrusion technology [Mehta et al., 2005]. The type of 
initiator has been shown to have a significant effect on the reaction rate and the molecular weight of 
the as-produced PLA [Drumright et al., 2000; Mehta et al., 2005]. Direct biosynthesis of PLA from 
the fermentation of metabolically engineered E. coli has also been reported [Jung et al., 2010]. 
 
Figure 2-2: Chemical structure of (a) poly(L-lactide) (PLLA); (b) poly(D-lactide) (PDLA); (c) 
poly(D, L-lactide) (PDLLA) 
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PLA is competitive among biodegradable polymers for composite applications due to low cost of 
production [Rasal et al., 2010], high mechanical strength and stiffness [Van De Velde & Kiekens, 
2002] and water resistance [Van De Velde & Kiekens, 2002]. However, PLA homopolymers are 
subject to thermal degradation through hydrolysis at temperatures above 200○C [Garlotta, 2001]. 
With a melting temperature of around 175○C [Garlotta, 2001], PLA homopolymers therefore have a 
narrow processing window. This can be improved through incorporating lactide enantiomers of 
opposite configuration to obtain PDLLA. However, the resulting depression in Tm was shown to be 
accompanied by a decrease in crystallinity and rate of crystallisation [Bigg, 2005] and associated loss 
of mechanical properties [Engelberg & Kohn, 1991]. Different stereoisomers of PLA have different 
mechanical properties, e.g. the tensile strength of PDLLA copolymer decrease as D-lactide content 
increases from 0 to 50 mol%, which is due to differences in the overall crystallinity [Grijpma & 
Pennings, 1994]. The properties of PLA can also be tailored through controlling the proportion of the 
enantiomers of lactide monomer and the arrangement of blocks and branched copolymers [Spinu et 
al., 2006]. 
PLA does have its drawbacks, including a strain at break of less than 10%, which limits its use in 
applications that require toughness at high strain. Also, the biodegradation rate of PLA upon disposal 
in the environment is slow. PLA degrades mainly through hydrolysis and chain scission. However, 
the hydrolysis rate of PLA is relatively low due to the presence of alkyl groups that hinder the attack 
by water [Tokiwa & Calabia, 2006]. Furthermore, PLA has been shown to be relatively resistant to 
attack by microorganisms in soil since there are few natural PLA degrading enzymes produced by 
soil bacteria [Jamshidian et al., 2010]. For example, Ohkita and Lee observed no degradation in PLA 
sheets after 6 weeks in soil [Ohkita & Lee, 2006]. On the other hand, PLA degrades rapidly in both 
aerobic and anaerobic composting environments, with complete biodegradation of PLA sheets being 
observed after 40 days in compost at 60○C (i.e. above its glass transition temperature) [Drumright et 
al., 2000]. The biodegradation rate also depends on the ratio between the enantiomers of lactide 
monomer, or more specifically, the crystallinity of PLA, with elevated crystallinity leading to slower 
degradation [Urayama et al., 2002]. Further, Urayama et al. showed that the molecular weight of PLA 
films with 99 wt% and 70 wt% L-lactide units decreased by 20% and 75%, respectively, after 20 
months in soil [Urayama et al., 2002]. Overall, the biodegradability of PLA has been found to be 
dependent on factors such as the disposal environment, conditions of water permeability, molecular 
weight, and crystallinity.  
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 Polyhydroxyalkanoates (PHAs) 
Polyhydroxyalkanoates (PHAs) are a family of polyesters (Figure 2-3a) that are synthesised 
intracellularly by more than 300 species of bacteria and archaea in the presence of excess carbon 
source, often with one of the elements necessary for growth, such as oxygen, nitrogen or phosphorus, 
being in some form of limitation [Huang et al., 1990]. The most common homopolymer of PHAs is 
poly(3-hydroxybutyrate) (P(3HB)) (Figure 2-3b). Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV) (Figure 2-3c), a random copolymer of 3-hydroxybutryate (3-HB) and 3-hydroxyvalerate (3-
HV), is also commonly stored by bacteria. The state-of-the-art for commercial PHA production is the 
use of microbial fermentation of sugar or glucose in pure cultures [Gao et al., 2011]. Due to the high 
costs for sterilizing equipment, in combination with a refined carbon source, the productivity 
limitations for biological processes and the need for an extraction stage, the market price of PHA is 
considered to be relatively high when compared to the costs of conventional polymers such as 
polypropylene and polyethylene.  
 
Figure 2-3: Chemical structure of (a) polyhydroxyalkanoates (PHA) in general; (b) poly(3-
hydroxybutyrate) (P(3HB)); (c) poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 
PHAs exhibit a number of properties which make them promising candidates as the polymer matrix 
for WPCs. They have higher melt flow indices than most other thermoplastic polymers (see Table 
2-1) and hence there exists potential for better distribution and contact between wood fibres and the 
biodegradable polymer than for polypropylene and polyethylene.  
PHAs can be degraded by natural microflora through enzymatically driven hydrolytic scission 
reactions, producing water-soluble monomers and oligomers which can be further metabolised to 
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carbon dioxide and water under aerobic conditions and to methane under anaerobic conditions [Shah, 
A. A. et al., 2008]. Complete biodegradation of PHAs can occur within a few months in many 
environments [Shah, A. A. et al., 2008], such as in fresh or marine waters [Thellen et al., 2008], 
activated sludge [Briese et al., 1994], and soil [Arcos-Hernandez, Monica V. et al., 2012]. However, 
since an active microbial environment is required for degradation, PHAs were found to be otherwise 
stable on moisture and air exposure [Luzier, 1992]. Rates of degradation are modulated by 
crystallinity (also related to type of PHA), surface quality, and the kinds of additives in bioplastic 
formulations. 
On the downside, unlike polyolefins, some PHAs have low thermal stability in the melt. Studies have 
shown that the molecular weight may decrease during processing due to random chain scissions 
[Reinsch & Kelley, 1997], although this effect can be much reduced by using relevant pretreatment 
such as acid washing [Grassie & Murray, 1984] and the use of an antioxidant [Persico et al., 2012]. 
Scission rates are more a function of the kind of trace impurity associated with the polymer rather 
than an inherent property of the polymer [Arza et al., 2015]. 
Tensile strength of PHBV has been shown to be constant upon the loss in molecular weight until 
below 100 kg/g-mol at which point it decreases dramatically, as the degree of chain entanglement 
decreases [Luo et al., 2002a]. A graph of the ultimate tensile strength versus molecular weight of 
PHBV is presented in Figure 2-4. 
 
Figure 2-4: Ultimate tensile strength of PHBV at different molecular weight [Luo et al., 2002a] 
Other processing challenges for some PHAs include a slow crystallisation rate and the changes in 
mechanical properties on aging due to secondary crystallisation at room temperature, which has been 
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shown to make the materials more brittle but which can also be modified and controlled through 
limitation of spherulite size on processing [Biddlestone et al., 1996]. The homopolymer poly(3-
hydroxybutyrate) (P(3HB)) in particular was reported to have a narrow processing temperature 
window and the material can be brittle in nature [Avella et al., 2000b]. In order to overcome such 
challenges, researchers have explored the properties of other homopolymers or random copolymers 
of PHA. In particular, the PHBV, is considered to be a candidate for composite applications. The melt 
flow is higher with elevated 3-HV content. For example, a 150% increase in melt flow index was 
achieved when the 3-HV content was increased from 0 to 15 mol% [Gatenholm et al., 1992]. PHBV 
has higher impact strength at a cost of lower flexural modulus with increasing 3HV content from 0 
to 28% [Holmes, 1988; Luzier, 1992]. PHBV was also reported to become soft, flexible and tough 
within the 30-60 mol% 3HV composition range [Doi, 1990]. In addition, the melting temperature of 
PHBV decreased with increasing 3HV content: e.g. it has been reported that the mean melting 
temperature decreased from 180○C to 132○C when the 3-HV content increased from 0 mol% to 25 
mol% [Holmes, 1988]. 
It should be noted that while PHBV is usually treated as a random copolymer with well-defined 3-
HV content and reproducible properties, it can be difficult to produce PHBV with a narrow 3-HV 
content distribution. It has been reported that both as-produced and commercially available PHBV 
can have a broad chemical compositional distribution [Mitomo et al., 1995; Yoshie et al., 1995]. For 
example, Yoshie et al. used solvent fractionation technique to analyse a commercial PHBV with a 
specified 3-HV content of 21.8 mol% purchased from Aldrich and found out that it had a range of 3-
HV content of 10 – 34.4% [Yoshie et al., 1995]. Thus it is important to characterise the actual 
chemical compositional distribution of PHBV polymers in use in order to understand their material 
properties. Any high melting copolymer component present may result in higher melting 
requirements during extrusion, and thus an early higher temperature stage. 
Aside from PHBV, several other copolymers of PHA that are commercially available, including 
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P3HB3HHx) and poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P3HB4HB), also offer potential for use as-is or in composite applications [Gao et 
al., 2011]. Studies have been performed to fully characterise such random copolymers. Li et al. 
successfully synthesised P3HB3HHx with 12% 3-HHx through bacterial cultivation [Li, S. Y. et al., 
2011]. The as-synthesised P3HB3HHx exhibited a dramatically higher elongation at break (400%) 
but lower tensile strength (7 MPa) and modulus (0.39 GPa) when compared to a P(3HB) 
homopolymer. It was also reported in a study on the characterisation of commercial PHA that 
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P3HB4HB with unspecified 4HB content from Telles, USA had mechanical properties similar to 
PHBV with 5 mol% 3HV from TianAn Biopolymer, China [Corre et al., 2012]. 
In recent years, researchers have focused on reducing the cost of PHA production. One option is the 
use of waste organics as feedstocks rather than refined substrates [Nikodinovic-Runic et al., 2013]. 
An extension to this approach is to use mixed culture bacterial production, which is robust to the use 
of a variety of waste carbon streams. With mixed cultures, the costs associated with the sterilisation 
requirements of pure culture methods and the purchase of refined substrates can both be avoided. 
PHA could even be produced from carbon-rich pulp and paper waste streams [Arcos-Hernandez, M. 
V. et al., 2012; Yan et al., 2006], which would be associated with wood fibre and flour production. 
PHA extracted from bacterial biomass produced from wastewater streams has been shown to have 
properties comparable to commercial PHAs [Arcos-Hernández et al., 2013]. With high PHA 
productivities, at up to 89 wt% cellular content within 7.6 h, having been achieved in enriched mixed 
cultures [Johnson et al., 2009], mixed culture production of PHA is becoming increasingly anticipated 
as a commercially viable technology.  
Overall, PHAs can be tailored through the alteration of copolymer ratio to exhibit a wide combination 
of properties to target specific applications. However, only a small fraction of the PHA family has 
been incorporated in WPCs material testing and development activities so far.  
 Thermoplastic starch (TPS) 
Starch is a natural polysaccharide which can be obtained from a great variety of crops such as cassava 
and corn. It is considered to be one of the most abundant renewable materials known to man. It is 
edible and biodegradable, which makes it an attractive material for food packaging. The processing 
of starch is challenging as it is not a true thermoplastic, but studies have shown that starch can be 
modified by grafting with vinyl monomers, by blending with other polymers, or by processing with 
plasticisers. It can exhibit thermoplastic properties in the presence of plasticisers such as water and 
glycerol at high temperatures (90 – 180○C) and under shear. Such thermoplastic starch (TPS) readily 
melts and flows, enabling it to be injection moulded or extruded, and used as polymer matrix in 
composites. Being bio-renewable and biodegradable in soil [Agnantopoulou et al., 2012] and compost 
[Li, G. et al., 2011] environments, TPS is a potential candidate to substitute conventional plastics in 
packaging applications. However, its sensitivity to moisture and poor mechanical stability are the 
main disadvantages when compared to other commercial bioplastics. The tensile strength and 
modulus of TPS is in the range of 0.2 – 5.8 MPa and 0.01 – 1 GPa [Zhang et al., 2014], which are 
much lower than that of PHA and PLA. Upon storage, TPS loses mechanical strength and stiffness 
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due to an aging effect through hydrolysis brought about by the sorption and diffusion of water into 
the matrix [Mohammadi Nafchi et al., 2013], and to the recrystallisation of amylopectin, with this 
latter process known as retrogradation [Jiménez et al., 2012]. Throughout the past decades, studies 
have been focused on improving the mechanical properties, reducing the water absorption, and 
supressing the retrogradation of TPS, where the incorporation of nanoparticles and other 
reinforcements comes into play.  
 Other biodegradable polymers 
Several other biodegradable polymers have also been incorporated into WPCs. These biodegradable 
polymers include a synthetic polyester, polycaprolactone (PCL), and natural materials, such as 
cellulose esters, e.g., cellulose acetate. PCL is a petroleum based polymer which is completely 
biodegradable in aerobic soil and compost environments [Goldberg, 1995]. It was reported that the 
biodegradation rate of PCL was higher than that of PHBV while PLA had the lowest biodegradability 
among the three, as evidenced by the weight loss after 180 days of soil burial [Teramoto et al., 2004]. 
Guo et al. presented similar findings, although in their case the soil biodegradation rate was ranked 
from highest to lowest as starch > PHBV > PCL > PLA [Guo et al., 2012b]. PCL is generally prepared 
through the ring-opening polymerisation of ϵ-caprolactone. It has been widely used in the biomedical 
industry as a biomaterial for implantation and drug delivery. PCL has similar mechanical properties 
to PLA but the low glass transition (-60○C) and melting temperature (60○C) remain major challenges 
that reduce its broader application [Simões et al., 2009]. With relatively higher elongation at break 
and toughness, PCL and its WPCs pose unique advantages for applications that require high impact 
strength and toughness [Wahit et al., 2012].  
Cellulose esters such as cellulose acetate (CA) and cellulose are chemically modified forms of 
cellulose that are obtained from esterification of cellulose using acids or anhydrides. Cellulose is an 
abundant natural polymer that can be extracted from plant cells. Recent reports have also 
demonstrated the production of cellulose through bacterial fermentation [Cacicedo et al., 2016]. In 
general, pure CA has mechanical properties similar to common biodegradable polyesters but a higher 
melting temperature (230○C) and a lower melt flow index (2.1 at 230○C with a load of 2.16 kg) than 
biodegradable polyesters [Guruprasad & Shashidhara, 2004]. CA is often plasticised or blended with 
other thermoplastics for composite applications [Cunha et al., 2001; Segerholm et al., 2007]. The 
addition of plasticiser has been proven to improve the melt flow and the elongation at break of the in 
exchange of a lower tensile strength [Ghiya et al., 1996; Phuong et al., 2014]. The slow 
biodegradation of pure CA films in both soil and compost has been reported, with the addition of 
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triacetin-based plasticisers very significantly accelerating the rate [Ghiya et al., 1996; Guruprasad & 
Shashidhara, 2004; Phuong et al., 2014]. 
 Wood as reinforcement 
Wood has received substantial attention as the reinforcement for polymer systems. It brings 
advantages over traditional inorganic reinforcements (e.g. glass fibre and ceramics): it is low-cost, 
light weight, renewable, abundantly available, biodegradable, and less abrasive to processing 
equipment. Commonly used wood species include softwoods (pine, spruce) and hardwoods (beech, 
birch, eucalyptus), although other applied species are reported in the literature [Faruk et al., 2012]. 
They are categorised by their reproducing method where hardwoods are produced by angiosperm 
trees that reproduce by flowers and softwoods come from seed-reproducing trees called gymnosperm. 
Hardwoods are not necessarily harder or more rigid than softwoods. It has been shown that, in general, 
hardwoods shrink and swell more than softwoods when in contact with water [Schroeder, 1972].  
In order to be effective as a reinforcement in a wood-polymer composite, the raw wood matrix needs 
to be refined into particles of appropriate morphology and chemical functionality. In general, the 
wood reinforcements can be divided into wood fibres from the pulping process and wood particles or 
flour from the hammer milling process. Different types and morphologies of wood reinforcements 
have different reinforcing effects. Therefore, a deepened understanding of the structural and chemical 
properties of wood is important for optimising the mechanical properties of wood bioplastic 
composites.  
 Structure and properties of wood 
Wood has a complex multi-layer structure. The schematic structure of wood in three different levels 
are visually presented in Figure 2-5. At the macroscopic level (Figure 2-5a), wood consists of 
elongated hollow cells called wood cells or tracheids. These cells have a thick lignified cell wall 
which gives wood its strength, stiffness, and toughness [Ansell, 2011]. They are squeezed and packed 
parallel to the axis of the tree from the bottom up. Wood growth occurs from the outer-most layer of 
the wood just below the bark, which is called cambium, and leads to the formation of radial growth 
rings. The physical properties of wood differ along the growth rings, or more generally the different 
types of wood cells across the wood log [Jones & Ashby, 2012]. The outermost layers of the wood 
stem consist of dead tissues, called bark, which is a hard surface that protects the inner wood tissues. 
At the microscopic level (Figure 2-5b), the wood cell walls have a multi-layer structure. The 
outermost layer is the middle lamellar which consists of mainly lignin. The inner three-layered 
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secondary cell wall (Inner, middle and outer wall in Figure 2-5) make up of two parts: cellulose 
microfibrils and a matrix of lignin-hemicellulose. The mechanical properties of wood and wood fibre 
are governed by the complex hierarchical structure of cellulose microfibrils. The types of cells, their 
orientation or direction and the properties of the cell wall layers play a role in determining the 
mechanical properties [Yamamoto et al., 2002]. The highly crystallised cellulose microfibrils are 
oriented to a certain framework/direction in each layer of the secondary cell wall. This gives wood 
anisotropic properties. The microfibrils are oriented in a direction nearer to the cell axis (vertical) 
rather than across it (horizontal). A schematic orientation model is shown in Figure 2-5a. This gives 
the wood a much higher axial strength than transverse strength [Jones & Ashby, 2012]. The wood 
cell walls have a structure at a molecular level (Figure 2-5c) that is mainly comprised of cellulose 
(40-45% by dry weight), hemicelluloses (25-35%), and lignin (20-30%). Some minor constituents 
include extractives (2-5%) and inorganics (0.1-1%) [Stokke et al., 2013]. Cellulose is a linear polymer 
that can be arranged into microfibrils with high tensile strength. Hemicellulose is a branched polymer 
which consists of shorter chains than cellulose. It has an amorphous structure with little strength. The 
role of lignin, an amorphous polymer, is as a glue to bind cellulose and hemicellulose. The remaining 
extractives and inorganics have no mechanical value but give wood its colour and smell. Their 
removal have shown to benefit the mechanical properties of wood plastic composites due to the 
enhanced interfacial adhesion when the extractive masking was removed [Saputra et al., 2004; 
Sheshmani et al., 2012]. However, the use of extractive-free WF increased the water uptake of the 
resulting WPCs [Sheshmani et al., 2012]. The chemistry of each wood components is discussed 
below.  
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Figure 2-5: Typical structure of wood (a) macroscopic log level; (b) microscopic cell level; (c) 
molecular level [Hoffmann & Jones, 1989; Jones & Ashby, 2012]  
 Wood chemistry 
In bulk, wood is chemically inert to the action of most chemicals. Cellulose is the major component 
of wood. The bulk structure is closely packed with a large amount of covalent and hydrogen bonds, 
which results in a stiff, insoluble, and chemically resistant bulk structure [Stokke et al., 2013]. 
Interestingly, the surface chemistry of wood is different from the bulk. Hydroxyl groups on the 
surface of cellulose and hemicellulose are open to chemical reactions, which provides potential for 
surface modification [Walker, 2006]. The hydroxyl group-rich surfaces also give rise to the 
hydrophilic characteristic of wood, which is a challenge for compatibility with traditional 
hydrophobic polyolefins such as PP and PE. The lower hydrophobicity of biodegradable polyesters, 
as shown in Table 2-2, partially addresses this problem, but even they are still significantly more 
hydrophobic than wood. 
 Cellulose 
Cellulose (Figure 2-6a) is made up of long, unbranched chains of β-D-glucose, forming highly 
crystalline polymers with a typical degree of polymerisation of 10,000 [Stokke et al., 2013]. The 
Chapter 2 
48 
 
extended (straight chain) arrangement of the cellulose molecules is driven by the orientation of the 
β(1→4) glycosidic linkages between molecules. These long glucose chains form microfibrils or 
parallel arrays, which are held together by the hydrogen bonds between and within the chains. 
Microfibrils are packed in a highly regular manner, leading to high crystallinity, stiffness and strength, 
and chemical resistance; water molecules can hardly penetrate the crystalline regions of cellulose. At 
the same time, the hydroxyl groups on the surface of cellulose are responsible for its reactive and 
hygroscopic nature.  
 Hemicellulose 
Hemicelluloses are mixed polymers that are derived from pentose sugars and hexose sugars with 
short-side chains (Figure 2-6b). Because of the random packing nature of mixed polymers, 
hemicelluloses have a more loosely-packed structure and lower crystallinity when compared to 
cellulose. Therefore, they are more hydrophilic than cellulose and lignin. Thus, hemicellulose is 
relatively more soluble and easily degraded. When wood is exposed to water, water molecules readily 
penetrate through the amorphous regions of hemicellulose and form hydrogen bonds with the more 
accessible hydroxyl groups on the surface. The removal of hemicelluloses remains as the most 
commonly applied wood modification technique to decrease the hydrophilicity of wood, and thereby 
improve the compatibility with hydrophobic polymers [Pelaez-Samaniego et al., 2013]. 
 Lignin 
Lignin is an amorphous molecule containing aromatic substances with aliphatic linkages that serves 
as a natural adhesive and stiffening agent in cell walls (Figure 2-6c). It is insoluble in most solvents. 
Unlike cellulose and hemicelluloses, lignin is hydrophobic because of the aromatic units found within 
its chemical structure and has a high degree of cross-linking. Lignin is also not as reactive as cellulose 
and hemicelluloses due to the low incidence of reactive surface (particularly hydroxyl) groups.  
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Figure 2-6: General chemical structure of (a) cellulose, (b) hemicelluloses and (c) lignin 
 Wood chemistry of different wood species 
The chemical compositions of some common wood species are listed in Table 2-3. Notably, birch 
and eucalyptus contain more extractives than other species. It was reported that the removal of wood 
extractives from eucalyptus WF improved the tensile and flexural properties of the resulting PP WPCs 
[Sheshmani et al., 2012]. Similar results were obtained from poplar [Sheshmani et al., 2012] and pine 
WF [Saputra et al., 2004]. Improvements in interfacial adhesion upon the removal of extractives were 
proposed to responsible [Sheshmani et al., 2012]. Another notable difference between wood species 
is the higher cellulose content of eucalyptus. Cellulose content impacted the properties of the resulting 
WPCs such that a higher tensile strength was achieved in PE-based WPCs when pine WF was used 
over that of eucalyptus [Shebani et al., 2009]. The difference was interpreted to be due to pine having 
a lower cellulose content which gives the fibres their mechanical strength. A lower water absorption 
rate was observed from PE/pine WF composites than that of eucalyptus [Shebani et al., 2009]. A 
tighter bonding between PE and pine was proposed to explain the result.  
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Table 2-3: Typical chemical composition of various wood species [Sjöström, 1981]  
Type name 
(species) 
Radiata 
pine (Pinus 
radiata) 
Norway 
spruce 
(Picea 
abies) 
Common 
beech 
(fagus 
sylvatica) 
Silver birch 
(Betula 
verrucosa) 
Red gum 
(Eucalyptus 
camaldulensis) 
Cellulose 
(wt%) 
37.4 41.7 39.4 41.0 47.0 
Hemicellulose 
(wt%) 
33.2 28.3 33.3 32.4 19.2 
Lignin (wt%) 27.2 27.4 24.8 22.0 31.3 
Extractives 
(wt%) 
1.8 1.7 1.2 3.2 2.8 
 Wood processing – grinding and pulping 
Wood processing can be classified into two major categories: grinding and pulping [Petit-Conil et al., 
2016]. Various grinding and pulping processes, which are summarised in Figure 2-7, have been 
developed to yield different reinforcement grades. Grinding involves crushing wood chips into 
smaller pieces by repeated impact from rotary hammers or stone without changing their chemical 
composition. Generally, it does not involve the use of any chemicals. Grinding usually yields wood 
reinforcements with relatively lower aspect ratios than pulping [Schell & Harwood, 1994]. Pulping, 
which is predominantly associated with the production of paper, is a process to separate wood fibre 
from solid wood. Wood pulping can be classified as mechanical, chemical or semi-chemical [Fardim 
& Duran, 2002]. Different pulping processes yield wood pulp with different chemical composition 
and properties. The chemical compositions and fibre dimensions of some typical wood pulp are 
presented in Table 2-4. Thermomechanical pulp (TMP), by which pulp is produced through the use 
of heat and mechanical refining, has been widely used in the paper industry; its use is emerging in 
the composites space [Peltola et al., 2014; Raj et al., 1990]. Being produced without the use of 
additional chemicals, lignin is typically preserved in TMP pulp and the fibres are as a result quite 
rigid (Table 2-4). Chemithermomechanical pulping (CTMP) uses the pretreatment of wood with 
chemical such as caustic before refining of the wood, leading to some lignin removal and less rigid 
fibres. Chemical processes include soda, soda-AQ, kraft and sulphite pulping and in general yield 
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longer fibres with lower lignin and higher cellulose content when compared to mechanical pulping 
[Spence et al., 2010]. Soda pulping involves the use of sodium hydroxide as the cooking chemical; 
the kraft process breaks down wood chips with help of sodium hydroxide and sodium sulfide; the 
sulphite process applies treatment with sulphite and bisulphite salts. The other major difference 
between mechanical and chemical pulping is that mechanical pulping has a dramatically higher yield 
(> 90%) than chemical processes (45 – 50%) because the chemical pulping process involves the 
removal of lignin and extractives from the bulk [Evtuguin, 2016]. Peltola et al. compared the 
properties of PP WPCs reinforced by spruce wood fibres from two pulping methods (bleached kraft 
and thermomechanical) and found that composites made with TMP had higher water absorption and 
lower impact strength [Peltola et al., 2014], likely due to agglomeration and the relatively shorter 
length of the TMP fibres.  
Bleaching of wood pulp is often carried out to achieve a higher paper grade in the paper industry due 
to improved pulp brightness from further removed lignin. As presented in Table 2-4, the lignin content 
of bleached pulp is the lowest among the pulp fibres produced using the different processes. 
Traditionally, wood pulp has been treated with chlorine, chlorine dioxide and sodium hypochlorite 
during the bleaching process. In response to the environmental and health concerns over by-product 
formation of chlorinated organic compounds, elemental chlorine free (ECF) and total chlorine free 
(TCF) bleaching processes have been increasingly introduced. The ECF process is based around 
chlorine dioxide bleaching with peroxide stages, while typical TCF bleaching involves oxygen, ozone 
and hydrogen peroxide stages in sequence [Freire et al., 2006]. It was reported that these bleaching 
stages led to the partial removal of wood extractives [Freire et al., 2006] and improvement in pulp 
strength [Miri et al., 2015] of kraft wood pulp. It has been demonstrated that the tensile strength of 
pulp was directly proportional to cellulose content [Madakadze et al., 1999]. Composites with fibres 
of higher cellulose content have also been shown have better mechanical properties [Kazayawoko et 
al., 1997]. The better adhesion between more-reactive cellulose and the polymer matrix was the 
proposed reason [Kazayawoko et al., 1997].  
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Figure 2-7: Common mechanical pulping processes for producing lignocellulosic fibres [Petit-Conil 
et al., 2016]  
Table 2-4: Chemistry and fibre dimensions of softwood after different pulping and bleaching 
processes [Rowell, 2016; Spence et al., 2010] 
 Cellulose 
(wt%) 
Hemicellulose 
(wt%) 
Lignin 
(wt%) 
Extractives 
(wt%) 
Fibre 
length 
(mm) 
Fibre 
width 
(µm) 
Original 
softwood 
40 – 45 25 – 30 26 – 34 0 – 5 2.5-3.0 34 
Unbleached 
kraft softwood 
pulp 
69.0 22.0 8.8 0.2 2.09 30.8 
Bleached kraft 
softwood pulp 
79.2 20.0 0.8 0.0 2.4 30.4 
Thermo-
mechanical 
softwood pulp 
37.7 29.2 31.2 1.9 1.52 34.2 
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 Wood morphology 
 Wood fibre morphology 
Softwood fibres such as pine are longer than hardwoods such as eucalyptus and birch. Furthermore, 
mechanical pulping, in general, reduces the fibre length of a given fibre more than that with chemical 
pulping. Table 2-5 shows fibre dimensions after kraft pulping. Notably, pine yields fibres with 
relatively high aspect ratio (length/width or diameter ratio) after pulping. The incorporation of fibres 
with higher aspect ratio has been shown to yield composites with higher strength and stiffness [Faludi 
et al., 2014; Migneault et al., 2008]. The details of the effect of fibre dimensions on properties of 
WPCs will be given in chapter 2.3.5.3.  
Table 2-5: Dimensions of kraft pulp produced from different wood species 
 Fibre length 
(mm) 
Fibre width 
(µm) 
Aspect ratio 
Radiata pine (Pinus radiata) 
[Burdon et al., 1999] 
2.7 34 79:1 
Scots pine (Pinus sylvestris) 
[Sable et al., 2012] 
2.15 33 65:1 
Red gum (Eucalyptus camaldulensis) 
[Dutt & Tyagi, 2011] 
0.80 15 55:1 
Silver birch (Betula verrucosa) 
[Kibblewhite et al., 1991] 
0.84 17 48:1 
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 Wood flour morphology 
Wood can be refined into small particulates through different grinding processes including hammer 
milling and stone, which were discussed above. The resulting WF is in the form of a particle with 
aspect ratio close to 1 [Schell & Harwood, 1994]. Researchers have performed a comparative study 
on the reinforcing effect between WF and wood pulp using PP as the matrix [Nygård et al., 2008]. 
Thermomechanical pulp yielded composites with higher tensile strength and impact strength but 
similar tensile modulus and elongation at break when compared to those made using WF.  
 Effect of particle size and fibre dimensions on composites’ properties 
It has been shown in various WPCs systems, including PHBV with 8% 3HV/spruce [Dufresne et al., 
2003], PLA/osage orange [Finkenstadt & Tisserat, 2010], and TPS/cypress [Zhang et al., 2015] WF, 
that, at every wood loading from 10 wt% to 50 wt%, an increase in wood particle size resulted in a 
decrease in the composite mechanical strength and stiffness for particle sizes up to around 250 µm; 
there was no observed effect for particle size above 250 µm. The gradual decrease in mechanical 
properties was attributed to the polymer matrix being less continuous with larger particles and thus 
less able to evenly distributed load [Finkenstadt & Tisserat, 2010; Zhang et al., 2015].  
Further, a loss of tensile strength is attributable to an increased probability for many large defects in 
the composite matrix around larger particles [Finkenstadt & Tisserat, 2010], which was also 
evidenced by the decrease in elongation at break when larger wood particles (250 µm in diameter) 
were used [Dufresne et al., 2003; Finkenstadt & Tisserat, 2010]. Once particles reach a certain size, 
there is no further loss because the defects around the particles reach a critical limit such that failure 
is dominated by filler-matrix interface cracking [Talreja, 2016]. 
It was also reported that the notched impact strength increased but the unnotched impact strength 
decreased with increasing wood particle size from 50 µm to 500 µm [Stark & Burger, 1997]. The 
author used crack initiation and propagation mechanisms to explain the result, whereby notched 
impact strength is a measure of crack propagation, while unnotched impact strength is a measure of 
both. Larger particles introduced more flaws and voids at interfaces for easier initiation. Therefore, 
the decrease in impact strength was only observed in unnotched samples. However, another study 
pointed out that fibre reinforced materials did not fail by the initiation and propagation of a single 
dominant crack in most situations [King, 1989]. They instead failed through the accumulation of 
distributed damage brought about by the combined effect of internal flaws and defects, interfacial de-
bonding, matrix cracking, fibre fracture and delamination [King, 1989]. Flaws and damage caused by 
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the applied load can be evenly distributed among the reinforcements when the reinforcement is well-
dispersed in the matrix [Rosen, 1964]. Thus, the reduced distribution of load can be used to explain 
the decrease in mechanical properties with increasing particle size as smaller particles were easier to 
disperse in the polymer matrix than larger particles [Dufresne et al., 2003; Zhang et al., 2015]. 
The use of smaller wood particles may also deliver an advantage when a semi-crystalline polymer is 
used as the matrix. For example, the crystallinity of PLA increases with decreasing wood particle size 
as smaller particles can provide nucleation sites for more perfect crystals towards expectations of 
enhancing matrix mechanical properties [Finkenstadt & Tisserat, 2010].  
Apart from the particle size of WF, the length of wood fibre also provides for different reinforcing 
effects to the polymer matrix. Migneault et al. extruded composites using HDPE and birch chemi-
thermomechanical pulp with three fibre length classes: long (0.48 mm, L/D = 21), medium (0.30 mm, 
L/D = 13) and short (0.20 mm, L/D = 8.3). It was found that an increasing fibre length had beneficial 
effects on tensile and flexural properties of the resulting WPCS [Migneault et al., 2008]. The 
toughness and impact resistance of the composites were also improved by longer fibres, as they 
imposed an interpreted higher degree of mechanical interlocking and thus more efficient load transfer 
between the polymer matrix and the fibre. Moreover, it was shown in a study on short-term flexural 
creep behaviour of wood fibre/HDPE composites that composites with longer wood fibres had a 
greater creep resistance than those made using shorter fibres [Wang et al., 2015]. Overall, longer 
wood fibres with higher aspect ratios are expected to provide for better interfacial mechanical 
interlocking and, thus, improved mechanical properties of WPCs [Faludi et al., 2014; Migneault et 
al., 2008].  
 Processing aspects of WPCs 
 Processing technologies for biocomposites 
High processing temperatures can facilitate melt flow and thus good mixing in composites. However, 
the low thermal stability of biodegradable polymers limits this approach, making process optimisation 
a critical area for biodegradable polymer-based WPCs. In general, two steps are involved in the 
processing of WPCs: melt compounding of the wood reinforcement, the polymer, compatibilisers 
and/or other additives, and subsequent sample processing to yield products with the desired shape 
[Satyanarayana et al., 2009]. It should be noted that this review of processing techniques will be 
focused on those used for production of composites with randomly distributed short fibres from wood, 
as opposed to laminate structures with oriented fibres and/or thermoset resin composites.  
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Brabender rheology mixers and twin-screw extruders are commonly used to melt mix the WF with 
biodegradable polymers at the laboratory scale. “Dogbone” shaped specimens or other shapes with 
specific dimensions for standard tensile testing are then prepared using either compression moulding 
followed by cutting, or injection moulding. Single-step extrusion using a slit die, which combines the 
compounding and sample processing steps, has also been used for melt compounding of WPCs. 
Commercially, extruded pellets are produced by compounders, and these are supplied to 
manufacturers to make final products by extrusion or injection moulding.  
 Brabender mixing 
Brabender mixing is a batch process involving the mixing of reinforcement and molten polymer in a 
torque rheometer using selected temperatures, rotor speeds, and time. Mixing temperatures have been 
shown to be the most important factor for controlling mechanical properties of WPCs [Morreale et 
al., 2008b]. Higher temperatures and longer processing times have resulted in reduced tensile and 
flexural strengths while rotor speed has been reported to have mixed effects on the mechanical 
strength of the composites. As an example, in a WF/starch-polyester (Mater-Bi®) composite it was 
found that a processing temperature of 160○C for 4 min and 60 min-1 rotor speed was ideal [Morreale 
et al., 2008b].  
 Extrusion 
Extrusion is a continuous mixing process that pushes molten materials through a die of selected cross-
section. Extrusion can be further classified into twin-screw and single-screw extrusion. The former is 
primarily for melt mixing of two components whereas a single-screw is used for forming products of 
defined geometry. 
Given its complexity and industrial-relevancy, composite extrusion has been widely studied. Screw 
speed, temperature profile, screw configuration, and feed rates are the principal parameters [Thiry et 
al., 2015]. Higher screw speeds enhance fibre dispersion, through thorough mixing, but higher speeds 
also decrease the tensile and impact strength, as shear heating may degrade both wood reinforcement 
and biodegradable polymer [Gunning et al., 2014]. An increase in extrusion temperature lowers the 
melt viscosity, thus producing better mixing but, on the other hand, increasing temperatures increase 
thermal degradation rates.  
The screws can be made up of different elements including: forward elements, which push the 
material through; reverse elements, which provide for backward flow of material; and kneading 
blocks, which facilitate mixing. The material residence time, which is defined as the time required 
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for material to flow from the feed to the die, has also been shown to affect the final properties of, for 
example, PHBV-based WPCs [Chevali & Ulven, 2012; Yeh & Gupta, 2008]. Extrusion is usually 
used to produce strands that are pelleted and fed to another process for moulding into more complex 
geometries. It is also capable of producing a range of end products such as pipes and other long 
articles.  
 Injection moulding 
Injection moulding takes pre-mixed and/or pre-melt blended samples and forcibly pumps the melted 
materials into a mould. It has been widely-used in industry as it is capable of forming products with 
complex geometries. Injection pressure, holding time, and barrel temperature are identified as the key 
parameters [Behravesh et al., 2010]. 
 Compression moulding 
Compression moulding is a process whereby heat and pressure are applied to melt press pre-mixed 
powder or pellets to form thin planar and contoured sheets of composites. The desired product outer 
dimensions and shape can then be obtained by cutting. Compression moulding has been widely used 
in the production of engineering products such medium density fibreboards. Recently, its use has 
been extended to random short fibre composites but a melt mixing step is required beforehand to 
achieve random distribution. The platen temperature, consolidation pressure, and pressing time are 
the important parameters. WPCs processed using compression moulding at lower temperatures (but 
still higher than melt temperature), lower pressures and shorter times yielded better tensile properties 
[Peterson et al., 2002]. Among the process parameters, mould temperature was found to exhibit the 
most significant effect. However, due to the complexity of the processes involved, compression 
moulding is restricted to products with more simple geometries. It also does not deliver any 
microstructural orientation effects, and mixing is poor if samples are not pre-blended. Hence, the 
materials produced by compression moulding can be poor models of full-scale extruded products. 
 Comparison between processing methods 
As discussed above, there are advantages and disadvantages of the different processing methods for 
WPCs production. Each processing methods serve niche purposes. Extrusion involves melt mixing 
with high shear which could facilitate mixing and wetting of the wood reinforcement. Injection 
moulding and compression moulding processes introduce high pressure to the sample for better 
packing. The porosity level is usually lower due to the high pressure and rapid cooling. Brabender is 
a batch process which is good for timed reactive extrusion with mixing. Some studies have been 
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performed to compare the properties of WPCs with the same formulations but made using different 
processing techniques. For example, higher values of tensile strength and modulus were observed for 
injection moulded specimens over extruded then cut specimens [Thompson et al., 2010a]. The higher 
pressure during the injection moulding process could explain this result, since the injection moulded 
specimens also had a higher density. La Mantia et al. compared the mechanical properties between 
starch-based WPCs with 15 wt% of WF from four different processing methods: Brabender mixing, 
twin-screw extrusion, single-screw extrusion, and injection moulding [La Mantia et al., 2008]. 
Mechanical results suggest that twin screw co-rotating extrusion and injection moulding are the 
preferred processing methods when compared to single-screw extrusion and Brabender mixing for 
producing such composites. 
 Processing challenges 
From the discussion so far, I find that an appropriate choice of processing parameters can principally 
define the compounding quality and the composites’ properties. The balance between fibre dispersion 
and degradation or fibre breakage has been cited as the key for process optimisation [Olakanmi & 
Strydom, 2016]. In practice, more care and attention needs to be taken in the processing of 
biodegradable polymers because of the risk of hydrolytic and thermal degradation during processing 
[Van De Velde & Kiekens, 2002].  
 Fibre breakage 
The breakage of fibre during processing has been a major concern for the processing of synthetic or 
natural fibres with thermoplastics. Studies have revealed that most fibre breakage occurs in the mixing 
section, especially during extrusion or Brabender mixing [Ramani et al., 1995; Summerscales & 
Grove, 2014]. The resulting shear force brought about by the combination effects from the mixing 
configuration, molten polymer viscosity and fibre dimensions has been shown to govern the degree 
of fibre breakage. The reduction in fibre length is often more pronounced than the reduction in width 
resulting in a loss in aspect ratio and thus reductions in composite strength and stiffness [Faludi et al., 
2014; Quijano-Solis et al., 2009]. A detailed study on the effect of the initial fibre dimensions on the 
resulting degree of fibre breakage after processing has been undertaken on thermomechanical pulp 
from aspen wood [Quijano-Solis et al., 2009]. It was reported that the loss in aspect ratio values was 
less pronounced in smaller fibres (1.5 mm in length and 36 µm in width) than for larger fibres (1.7 
mm in length and 48 µm in width) after processing with PP in a Brabender mixer. The authors 
extended the study to the effect of processing conditions and found that higher extrusion temperature, 
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faster screw speed and higher wood content are conducive to more fibre breakage [Quijano-Solis & 
Yan, 2014]. The high shear forces from faster screw speed and the higher chance of additional 
breakage through rough fibre-fibre contacts from higher wood content were suggested to explain the 
observed more severe fibre breakage. The worsened mechanical properties of wood fibres at elevated 
temperature could further promote fibre breakage during processing. To combat these challenges, 
optimisation has to be done to achieve well-dispersed fibres while minimising shear and processing 
temperatures when producing wood fibres with thermoplastics.  
 Moisture 
Drying is the usual step before processing biodegradable polymer-based WPCs [Csikós et al., 2015; 
Singh et al., 2008]. Ndazi et al. characterised the mechanical properties and molecular weight of PLA 
in the presence of 100% relative humidity and found that the molecular weight, flexural strength and 
ductility decreased after exposure to moisture [Ndazi & Karlsson, 2011]. For polyesters, water can 
cause hydrolytic chain scission reactions leading to the increased rate of loss of molecular weight at 
elevated temperature [Ndazi & Karlsson, 2011]. However, to the best of our knowledge no attempts 
have been made to systematically compare the properties of biodegradable polyester WPCs prepared 
using dried versus non-dried materials. Water has a different effect on starch (TPS)-WPCs since it 
acts as a plasticiser for starch-based material [Morreale et al., 2008a]. It was observed that the drying 
of such materials caused an improvement in tensile modulus but a decrease in elongation at break due 
to the loss of plasticising effect of water [La Mantia et al., 2008]. 
 Thermal degradation 
Unlike polyolefins, biodegradable polymers such as PHA and TPS are more thermally-sensitive and 
may undergo thermal degradation at elevated temperatures which can in turn reduce mechanical 
properties of polymer composites [Alvarez et al., 2005]. Methods to improve thermal sensitivity, as 
well as precautions taken when processing biocomposites, are required to prevent thermal degradation 
and, thereby, preserve the mechanical properties. The positive effect of better melt flow can only be 
isolated from a negative effect of thermal degradation if the initial polymer molecular mass and 
thermal stability are sufficiently high, while the time at higher temperatures is commensurably not 
too long. Even if it is known that degradation of polymer may reduce mechanical performance for 
the polymer, these effects are not well-understood within the WPCs matrix because of the difficulty 
of isolating the balance of influences from fibres, matrix, and composite interface regions, that are all 
contributing factors affecting the overall matrix WPCs. 
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 Properties of biodegradable polymer based WPCs (without modification) 
In the following sections, details of properties of selected biodegradable polymer-based WPCs 
composite combinations are reviewed.  
 Properties of PLA-based WPCs 
Given the attractive properties of PLA, extensive research has been undertaken on optimising the 
processing and characterising the properties of PLA-based WPCs, which have mechanical properties 
comparable to commercial polyolefin-based WPCs. The tensile strength, modulus and elongation at 
break of PLA-based WPCs are summarised in Figure 2-8. As can be seen, the majority of the studies 
on PLA-based WPCs have focused on optimising the mechanical properties through various 
compatibilisation techniques.  
The trend-lines in Figure 2-8 suggest that wood reinforcement has mixed effects on tensile strength 
but the stiffness of PLA-based WPCs improves and the elongation at break decreases with increasing 
wood reinforcement content. Nevertheless, there is considerable variation between studies for all 
properties and for all formulations. The different grades of PLA, origin of wood, and processing 
methods are likely contributing factors to the observed variation of outcomes in general. Overall, no 
trends are identifiable from the summarised literature with respect to the effect of compatibilisers, 
and between fibre and flour, among PLA-based WPCs.  
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Figure 2-8: Tensile strength (top), modulus (middle) and elongation at break (bottom) of PLA-based 
composites reinforced with wood-based reinforcements; Solid squares (■) represent compatibilised 
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composites with wood fibre; Open squares (□) represent uncompatibilised composites with wood 
fibre; Solid circles (●) represent compatbilised composites with WF; Open circles (○) represent 
uncompatbilised composites with WF [Csizmadia et al., 2013; Febrianto et al., 2006; Finkenstadt & 
Tisserat, 2010; Gregorova et al., 2011; Guo et al., 2012a; Huda et al., 2005; Lee et al., 2008; Liu et 
al., 2013; Liu et al., 2015; Liu et al., 2016; Lv et al., 2016; Lv et al., 2015; Peltola et al., 2014; 
Petinakis et al., 2009; Pilla et al., 2008; Pilla et al., 2009; Qiang et al., 2012; Shah, B. L. et al., 
2008] 
The addition of wood reinforcement had a mixed effect on mechanical strength but the type and origin 
of wood reinforcement has a significant influence on composites’ properties. Peltola et al. compared 
the properties of PLA-based and PP-based composites reinforced by four different types of wood-
based reinforcements (bleach kraft pulp from pine, eucalyptus and birch, thermomechanical spruce 
pulp and pine flour) [Peltola et al., 2014]. In general, the fibres dispersed better in PLA than PP 
leading to a higher improvement in tensile strength and tensile modulus but lower impact strength.  
The strength of the interfacial adhesion between wood and the PLA matrix was generally suggested 
to be the governing factor controlling mechanical properties. Bogren et al. modelled the dynamic 
mechanical properties of PLA/bleached sulphite softwood pulp composites to predict the loss factors 
[Bogren et al., 2006]. The predicted values were lower than those obtained from experiments. Since 
the model did not account for energy losses in the material, the results implied poor interfacial 
adhesion with restrained stress transfer. However, contradictory results were found with film-grade 
PLA/maple wood fibre composites [Shah, B. L. et al., 2008]. The authors in this case suggested 
mechanical interlocking between wood and PLA as evidenced by the observation (by Scanning 
Electron Microscopy (SEM)) of fibre breakage as the dominating failure mechanism.  
Attempts have been made to produce microcellular foamed PLA (modified with a Joncryl® branching 
agent)/maple WF containing up to 40 wt% of WF using extrusion with supercritical carbon dioxide. 
It was found that the expansion ratio for PLA in foamed samples decreased with increasing wood 
content [Matuana, 2010]. Under the same foaming process, the void fraction of PLA reduced from 
91% to 47% when the WF content was increased from 0 to 40 wt%. Microcellular foamed PLA/maple 
WF composites with uniform morphologies were successfully produced by matching the melt 
viscosity of the composites to that of neat PLA through use of a rheology modifier [Matuana & Diaz, 
2013]. This development could help to deliver a new generation of composite materials for wider 
applications at low cost. Further investigation into the fundamental relationships between foam 
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structure and mechanical performance and on improving the compatibility between PLA and wood 
is required. 
 Properties of PHA-based WPCs 
The properties of a range of P(3HB) and PHBV-based WPCs have been characterised (Figure 2-9). 
As shown by the trend-lines, the addition of wood reinforcement may improve the stiffness of both 
neat P(3HB) and PHBV but those composites exhibit a lower tensile strength and elongation at break. 
The presence of wood reinforcement can provide nucleating sites, promoting rapid polymer 
crystallisation from the melt, hence helping to overcome one limitation with PHA, especially for 
PHBV, which is slow crystallising [Reinsch & Kelley, 1997]. 
To distinguish the influence of 3-HV content on composites’ properties, the data points associated 
with the blends containing PHBV with relatively higher 3-HV content (8 – 10%) are marked with a 
cross. As can be seen in Figure 2-9, those composites show much higher elongation at break but lower 
tensile strength and modulus. Two different trends are observed between composites with PHBV at 
a 3-HV content of < 8% (solid lines) and that at 3-HV content of 8 – 10% (dashed lines). Both lines 
obey similar trends for tensile strength and elongation at break. However, unlike the case of 
composites with PHBV (<8% 3-HV), the addition of wood reinforcement shows no improvement in 
tensile modulus of composites with PHBV (8 – 10% 3-HV). The stiffness of the composite material 
is dominated by the matrix, which has low stiffness.  
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Figure 2-9: Tensile strength (top), modulus (middle) and elongation at break (bottom) of P(3HB) 
and PHBV-based composites reinforced with wood-based reinforcements. Solid squares (■) 
represent compatibilised composites with wood fibre; Open squares (□) represent uncompatibilised 
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composites with wood fibre; Open circles (○) represent uncompatibilised composites with WF; 
Solid circles (●) represent compatibilised composites with WF; Data points marked with a cross (Χ) 
represent composites containing PHBV with a 3HV content between 8% and 10%; Solid line is the 
trend-line for composites with PHBV with a 3HV content of <8% and dashed line is the trend-line 
for composites with PHBV a 3HV content between 8% and 10% [Batista et al., 2010; Da Silva et 
al., 2014; Dufresne et al., 2003; Fernandes et al., 2004; Gregorova et al., 2009; Ren et al., 2015; 
Singh et al., 2010; Singh et al., 2008; Srubar & Billington, 2013; Srubar et al., 2012b; Thompson et 
al., 2010a] 
In specific examples: 
Ren et al. reported that PHB/pulp composites had a higher tensile properties but lower impact strength 
when compared to similar composites made with PP [Ren et al., 2015]. Peterson et al. produced 
pressed sheets of PHBV (8% 3HV) composites containing 18 wt% high temperature mechanical pulp 
fibre based on Pinus radiata using different processing parameters [Peterson et al., 2002] and found 
that the processing temperature imparted the largest influence on mechanical properties. Fernandes 
et al. investigated the thermal degradation and thermal stability of plasticised (poly(ethylene 
glycol))/PHB/10 wt% beech WF composites [Fernandes et al., 2004]. The molecular weight of 
P(3HB) was found to be halved after processing at high temperature (170○C for 7 min and 180○C for 
4 min) during the production of the composite. The addition of plasticisers mitigated the loss in 
molecular weight. Singh et al. evaluated the mechanical performance of extruded WPCs containing 
PHBV with 8% 3HV and maple wood fibre (0 – 40 wt%) and showed that the tensile modulus 
increased with increasing wood fibre content (from 1.02 to 2.73 GPa) but decreases in tensile 
strengths were observed (from 21.4 to 16.8 MPa) [Singh & Mohanty, 2007]. These decreases were 
interpreted to be due to poor interfacial adhesion, as demonstrated by the visualisation of fibre 
pullouts and gaps from fractured surfaces. The incorporation of WF improved the thermal stability. 
However, the dimensional stability deteriorated as shown by the reduction of the coefficient of linear 
thermal expansion from 182 to 154 x 10-6/○C. Singh et al. further extended this work to explore the 
performance of novel hybrid composites with the additional reinforcement from micro sized talc and 
showed a pronounced enhancement of 200% in the Young’s and flexural modulus with the dual 
reinforcement of 20 wt.% talc and 20 wt.% wood fibre in PHBV matrix [Singh et al., 2010]. In another 
study, the addition of oak WF also showed a reinforcing effect in a PHBV (3% 3HV)/oak WF (0 – 
40 wt%) composite [Srubar et al., 2012b]. The addition of 20 and 40 wt% of WF improved the neat 
PHBV stiffness by 114 and 127% to a tensile modulus of 3.8 and 4.3 GPa, respectively. However, 
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the tensile strength decreased from 34.8 MPa for neat PHBV to 21.4 MPa at a wood loading of 40 
wt%. At the same loading, the elongation of break decreased by half to 0.8%. Similar trends were 
observed from flexural 3-point bending tests. Upon exposure to moisture, both the flexural 
mechanical stiffness and strength of the composites decreased, with a more pronounced effect on the 
composite with higher wood content. Based on these data, the authors constructed a model that 
suggested that macroscale cracks induced hydrothermal related deterioration in WPCs, showing good 
agreement with experimental results from literature [Srubar & Billington, 2013]. WF reduced the 
overall degree of crystallinity of the composite but the crystallisation rate was not characterised.  
To date, most research has been based on commercially available, pure culture PHBs and PHBVs, 
generally using different wood-based reinforcements, with wood contents lower than those of 
commercial WPCs (which are typically ~50 wt%) [Singh & Mohanty, 2007; Srubar et al., 2012b]. 
Only a few attempts have been made to study the effect of PHBV properties, particularly 3-HV 
content, on the overall composites’ properties. It is known that the copolymer composition has a 
significant effect on the crystallisation behaviour of wood PHA composites produced using PHBV 
with up to 24 mol% 3-HV [Reinsch & Kelley, 1997]. No study has been reported to extend the insights 
on PHBV with 3-HV contents higher than 25%.  
In addition, only a few studies have been made on the utilisation of non-extracted PHA-rich biomass 
in WPCs. One such study used commercially available purified P(3HB) and hammer milled cell 
debris (68 wt% of particles <150 μm) produced from wastewater to model the incorporation of PHA-
rich biomass in WPCs [Thompson et al., 2010a]. The mechanical properties and water resistance of 
the composites were found to decrease with increasing cell debris content. Another study 
demonstrated that unpurified PHB-rich biomass produced biologically in Azotobacter vinelandii 
UWD (24% 3-HV content) could be utilised in the production of WPCs with 10, 20 and 30 wt% of 
pine WF [Coats et al., 2008]. The incorporation of PHB-rich biomass resulted in a significant decrease 
in flexural strength but had no measured effect on the modulus of elasticity.  
Overall, with attractive mechanical properties and biodegradability, PHA is promising as the polymer 
matrix in wood plastic composites. It is believed that fundamental insights concerning the structure-
property relationships of wood PHA composites will help deliver the optimum formulations and 
processing methods for targeted biocomposite applications.  
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 Properties of TPS-based WPCs 
Starch has not been extensively used for composite applications when compared to PHA and PLA 
because of its poor mechanical and water barrier properties. The tensile strength, modulus and 
elongation at break of TPS-based WPCs at different wood loading from the literature are summarised 
in Figure 2-10. Despite the poor matrix properties, improvements in mechanical strength and modulus 
and the decrease in elongation at break upon addition of wood reinforcements to TPS are much more 
notable than for biodegradable polyesters. This is due to the chemical similarities between TPS and 
wood and thus better compatibility between them. At various wood loadings, composites with wood 
fibres give higher tensile strength and modulus when compared to WPCs reinforced with WF. The 
increases in tensile strength and modulus with increasing wood reinforcement content are more 
pronounced in wood fibre/TPS composites than that with WF as suggested by the solid and dashed 
trend-lines in Figure 2-10, respectively.  
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Figure 2-10: Tensile strength (top), modulus (middle) and elongation at break (bottom) of TPS-
based composites reinforced with wood-based reinforcements; Open squares (□) represent 
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uncompatibilised composites with wood fibre; Open circles (○) represent uncompatbilised 
composites with WF; Solid line is the trend-line for composites with wood fibre and dashed line is 
the trend-line for composites with WF [Agnantopoulou et al., 2012; Cobut et al., 2014; De Carvalho 
et al., 2002; Lomelí-Ramírez et al., 2014; Müller et al., 2014; Zhang et al., 2015] 
Muller et al. used a mechanical strength model to quantify the interfacial adhesion between corn 
starch and wood fibres and found that such an interface demonstrated a stronger adhesion than that 
of PP and PLA [Müller et al., 2014]. Also, fourier-transform infrared spectroscopy (FTIR) analyses 
demonstrated compatibility between cassava starch and wood particles, which was attributed to the 
association by hydrogen bonding of OH groups [Lomelí-Ramírez et al., 2014]. Therefore, unlike the 
focus for PLA and PHA, research into TPS-based WPCs has been concentrated on understanding the 
reinforcing effects of various wood reinforcements rather than improving the interfacial adhesion 
through the addition of compatibilisers.  
The addition of 16 wt% of bleached E. urograndis pulp to corn starch (plasticised with 30% of 
glycerine) resulted in a 100% increase in tensile strength and 150% increase in modulus [Curvelo et 
al., 2001]. It was also shown that the tensile strength of wood fibres/plasticised corn starch composites 
improved with increasing wood content then deteriorated when the wood content was above 40 wt% 
[Müller et al., 2014; Zhang et al., 2015]. Other types of starches, including potato [Cobut et al., 2014] 
and cassava starch [Lomelí-Ramírez et al., 2014], have also been used in composites. The addition of 
wood reinforcements to plasticised (using 30% glycerol) potato and cassava starch resulted in similar 
improvement in tensile strength and modulus as seen in corn starch-based WPCs [Cobut et al., 2014; 
Lomelí-Ramírez et al., 2014]. One commercially available TPS/polyester copolymer is Mater-Bi®. 
Similarly to pure starch-based composites, the incorporation of WF resulted in increases in tensile 
strength and modulus but a decrease in elongation at break of the Mater-Bi-based composites 
[Agnantopoulou et al., 2012; Morreale et al., 2008a].  
The wood species may also affect the properties of the composites, with spruce and pine giving better 
mechanical properties and thermal stability than beech and poplar [Agnantopoulou et al., 2012]. 
These species effects were correlated to the specific axial and bending strength of each species. 
Furthermore, decreasing the particle size from 750 μm to 150 μm appeared to increase the tensile 
strength and decrease the water absorption of the composites [Agnantopoulou et al., 2012; Zhang et 
al., 2015]. Overall, the addition of wood reinforcement improved the mechanical properties of TPS 
but a sensitivity of these composites to moisture still limits the scope of the material use in practical 
applications.  
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 WPCs with other biodegradable polymer 
The synthetic biodegradable polyester, polycaprolactone, has been applied to WF reinforced 
composites in a study of mechanical properties and soil biodegradation behaviour [Sabo et al., 2013]. 
The resulting composites had poor mechanical properties and a dramatically lower melting point 
(58○C) when compared to PLA and PHA [Van De Velde & Kiekens, 2002]. Nitz et al. successfully 
used reactive extrusion to graft maleic anhydride to PCL chains to improve compatibility with WF 
[Nitz et al., 2001]. The addition of 5 wt% of maleic anhydride grafted-PCL improved the yield stress 
and impact strength of the composites at various wood loadings (10 to 50 wt%) but exhibited minimal 
effect on tensile modulus.  
Apart from PCL, plasticised cellulose esters have also been used in WPCs applications. The effect of 
fibre loading on the mechanical properties of plasticised cellulose acetate butyrate/yellow poplar 
wood fibre composites has been reported [Onyeagoro & Enyiegbulam, 2012]. The tensile modulus 
and impact strength increased but the elongation at break decreased with increasing wood content, 
which supports the general trend of wood reinforcement. Researchers have also explored the use of 
biodegradable polymer blends in WPCs. Cunha et al. extruded composites containing a commercial 
starch-cellulose acetate based blend and from 0 to 60 wt% of pine WF [Cunha et al., 2001]. The 
tensile properties in both the radial and tangential directions increased with WF content up to 50 wt% 
but then deteriorated. Overall, however, there is limited literature on WPCs containing other 
biodegradable thermoplastics when compared to the major three: PHA, PLA and TPS. The production 
of biodegradable polymer-based WPCs remains a wide-open playing field in scope and opportunity 
for research and development. 
 Modifications to improve adhesion between wood reinforcements and 
polymer matrix 
Strong interfacial adhesion and efficient stress transfer across phases are governing factors in 
achieving good composites’ properties [Pukánszky & Fekete, 1999]. Poor interfacial interactions 
between hydrophilic wood and hydrophobic polymer matrices such as polyolefins and polyesters may 
result in voids and thus poor contact and inferior stress transfer [Dufresne et al., 2003]. In general, 
the addition of wood reinforcement negatively affects the mechanical strength of polyester-based 
composites. Based on this principle, it is well known that improving the interfacial interactions 
through compatibilisation is an effective means to mitigate such negative effects of poor interfacial 
adhesion and to further improve the performance of WPCs [Pukánszky & Fekete, 1999].  
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 Surface treatment of wood  
Wood pretreatments and modifications are well established in the literature as a means for improving 
the compatibility and stress transfer efficiency between hydrophilic wood and hydrophobic 
thermoplastics. The underlying principle is to reduce the hydrophilicity of wood to more closely 
match the surface energy of the polymer. Common modification techniques include alkali and thermal 
pretreatments, and chemical modifications such as acetylation and silane treatment. 
 Physical pre-treatment 
 Thermal treatment 
The thermal pretreatment of wood particles involves the removal of hemicelluloses and the 
enhancement of crystallinity index through steam explosion, hot water extraction or heat treatment 
under an inert atmosphere [Pelaez-Samaniego et al., 2013]. Hemicellulose removal results in a 
decrease in the wettability of wood by polar solvents i.e. increased hydrophobicity [Hosseinaei et al., 
2011]. Thermally treated pine WF has also been found to exhibit a better thermal stability compared 
to untreated flour [Hosseinaei et al., 2012]. This outcome was taken as a promising indication of the 
removal of hemicelluloses, which has the lowest thermal resistance among cellulose, hemicelluloses 
and lignin. The inclusion of such thermally treated WF into polypropylene composites was shown to 
improve the tensile strength, water resistance and mould resistance [Hosseinaei et al., 2012]. 
However, contradictory results were presented in a study conducted on P(3HB) where limited 
improvements in tensile properties were observed with hydrothermally treated beech WF when 
compared to PHA WPCs made with untreated WF [Gregorova et al., 2009]. 
 Plasma treatment  
Plasma treatment utilises the energy from an electric discharge to modify the chemical and physical 
structures of the surfaces of natural polymeric substrates without altering the bulk properties of the 
materials. It improves the fibre–matrix adhesion mainly by providing polar or excited groups, or even 
a different polymer layer on the fibre surface, that interacts with the matrix [Mukhopadhyay & 
Fangueiro, 2009]. It has also been reported that plasma radiation roughens the wood fibres, increasing 
the mechanical interlocking between the fibre and the matrix [Park et al., 2004] and increases the 
oxygen/carbon ratios of wood fibres thus generating more functionality for better adhesion [Yuan et 
al., 2004]. The incorporation of such plasma-treated wood fibres in PP composites has shown 
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improvement in tensile strengths and moduli [Yuan et al., 2004]. However, contradictory results were 
again obtained from a study on spruce WF filled PHBV with 8% 3HV composites such that plasma 
treatment had an insignificant effect on mechanical properties for some biodegradable polymers 
[Dufresne et al., 2003].  
 Chemical modification 
 Alkaline treatment 
Several studies have found that alkali pretreatment increased the aspect ratio of wood fibres and 
removed the amorphous hemicellulose [Chang et al., 2009]. It also improved the wettability and 
physical, mechanical and thermal properties of the treated fibres over untreated fibres [Rojo et al., 
2013]. Such improvements were interpreted as being due to a larger effective surface area for 
chemical interaction and mechanical interlocking with polymer matrix in composite materials [Rojo 
et al., 2013]. However, excessive alkali treatment can damage the radiata pine wood fibres as 
evidenced by SEM analysis, which leads to a reduction in fibre strength [Beg & Pickering, 2006]. 
The incorporation of such fibres in PP composites resulted in a reduction in strength but an 
improvement in stiffness [Beg & Pickering, 2006]. Similar results were presented in a study 
conducted on P(3HB) systems that showed enhanced tensile modulus but worsened tensile strength 
from composites with alkali treated beech WF [Gregorova et al., 2009]. 
 Silane treatment 
Silane-based compatibilisers are compounds with different groups attached to the central silicon such 
that one end can bond to the reinforcement and the other end contains an organo-functional group. 
The organo-functionality can be classified into two types: a non-reactive alkyl group that increases 
the compatibility with non-polar polymer matrix based on similar polarities or a reactive organo-
functionality that can covalently bond to the polymer matrix and establish physical linkages [Xie et 
al., 2010]. 
Silane pretreatment is well-established in composite applications [Wu et al., 1997] with extensive 
recent research to investigate the potential in natural fibre and wood fibre systems [Xie et al., 2010]. 
Most of the established silanes used for wood fibres composites are trialkoxysilanes, which can react 
with the hydroxyl groups on the wood, with organo-functionalities that can reduce the hydrophilicity 
of the fibre such as long alkyl, vinyl, and methacryloxy groups. Typically, alkoxysilane treatment of 
natural fibres proceeds through the following steps (Figure 2-11): hydrolysis, self-condensation, 
adsorption and chemical grafting [Xie et al., 2010]. 
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Figure 2-11: Silane treatment of natural fibres by hydrolysis process [Xie et al., 2010]  
The polarity of WF was shown to be reduced by alkoxysilane treatment [Li et al., 2007; Lv et al., 
2015]. However, the incorporation of organosilane treated wood reinforcement has had mixed effects 
on composites’ properties when using PLA. Lv et al. and Pilla et al. for example showed that the 
mechanical properties and water resistance of PLA composites containing 10 to 30 wt% of treated 
WF improved [Lv et al., 2015; Pilla et al., 2009]. With increasing silane content, the tensile strengths 
of the composites first increased then decreased, with a maximum value at 1.5% silane [Lv et al., 
2015]. On the other hand, silane treatment had an insignificant effect on the mechanical and thermal 
properties of PLA/40 wt% pine WF [Pilla et al., 2008]. 
 Acetylation 
Acetylation is a method for modifying the chemistry of lignocellulosic-based fibres and making them 
more hydrophobic [John & Anandjiwala, 2008]. It involves chemical reactions of acetic anhydride 
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with the hydroxyl groups on wood surfaces, hindering them from forming hydrogen bonds with water 
molecules. Tserki et al. performed acetylation and propionylation functionalisation on wood fibres, 
improving the tensile strength and water resistance of biodegradable polyester composites made from 
these fibres [Tserki et al., 2006]. Similar results were also obtained from a study on a biocomposite 
based on acetylated wood particles and cellulose ester, in that acetylated composites had higher tensile 
strength and water resistance but lower impact strength than the unmodified composite [Segerholm 
et al., 2007]. 
 Isocyanate functionalisation 
Isocyanate containing reagents are another set of potential functionalisation chemicals for natural 
fibre composites, due to their clean chemical reaction with the hydroxyl groups on the wood-based 
reinforcement surfaces (Figure 2-12). Two major types of isocyanate compounds used in the WPCs 
field include isocyanates and diisocyanates. The former modifies the surface of wood reinforcements 
to make them more compatible with the matrix whereas the latter are coupling agents that establish 
physical linkage between wood and polymer. Some of the types of isocyanates that have already been 
explored include m-isopropenyl-α,α-dimethylbenzyl isocyanate (m-TMI) grafting [Guo et al., 2013; 
Guo & Wang, 2008; Karmarkar et al., 2007], poly(methylene)-poly(phenyl) isocyanate (PMPPIC) 
[Pickering & Ji, 2004; Raj et al., 1990] and polybutadiene isocyanate (PBNCO) [Nourbakhsh et al., 
2008] as well as diisocyanates such as toluene diisocyanate (TDI) [Raj et al., 1990] and methylene 
diphenol diisocyanate (MDI) [Raj et al., 1990], and polymethylene diphenyl diisocyanate (pMDI) 
[Geng et al., 2005; Thompson et al., 2010a]. In general, improvements in mechanical properties were 
observed in WF [Geng et al., 2005; Guo et al., 2013; Guo & Wang, 2008; Thompson et al., 2010a] 
and wood fibre [Karmarkar et al., 2007; Nourbakhsh et al., 2008; Raj et al., 1990] reinforced polymer 
composites after the addition of isocyanate reagents, predominantly in the tensile, flexural and impact 
strengths, but as well in improved water resistance. However, the use of the functionalising, not 
coupling, agent PMPPIC on pine wood fibre/PP composites produced no significant effect on strength 
[Pickering & Ji, 2004]. By contrast, other polymeric isocyanates have been shown to be more 
effective in improving the tensile strength of thermomechanical pulp reinforced PE composites than 
diisocyanate compounds [Raj et al., 1990]. 
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Figure 2-12: Generic chemical reaction between isocyanate group and the hydroxyl groups of wood 
fibres 
A recent study proposed that isocyanates are more effective than other compatibilisers in PLA and 
PHBV systems, as binding can be established between the isocyanate and the hydroxyl groups on 
wood plus the isocyanate and the carboxylic acid end-groups of the biodegradable polyester 
[Thompson et al., 2010a]. Petinakis et al. introduced MDI or poly(ethylene-acrylic acid) at a loading 
of 1 and 3 wt% respectively to PLA/WF composites containing 40 wt% of wood [Petinakis et al., 
2009]. The addition of MDI resulted in improvements in tensile strength (10% increase), tensile 
modulus (20% increase) and impact strength (25% increase) of the composite providing evidence of 
enhancement in interfacial adhesion. The addition of pMDI as a coupling agent in pine WF/P(3HB) 
[Thompson et al., 2010a] resulted in improved composite strength and fibre interface interactions. A 
better understanding of the bonding mechanisms between isocyanate and PHA would help towards 
further systematic (rather than trial and error) developments of PHA/wood composites with properties 
comparable to conventional polyolefin WPCs. 
 Other chemical treatments 
Other chemical treatments of wood have also been utilised. Csizmadia et al. modified the WF through 
resin impregnation using a solution of 1 wt% phenolic resin and observed considerable increase in 
the mechanical strength of the composite, but the treatment had a detrimental effect when wood was 
treated with a concentration higher than 1% [Csizmadia et al., 2013]. 
Organo-montmorillonite treated WF has also been incorporated into PLA-based WPCs containing 50 
wt% of WF wherein significant improvement in stiffness and water resistance was observed [Liu et 
al., 2015; Liu et al., 2016]. 
Finally, stearic acid treatment of compression moulded PHB/20 wt% bleached beech WF composites 
led to improvements in crystallisation rate, Young’s modulus and storage modulus [Gregorova et al., 
2009]. Among the various wood pretreatment methods that were tested (alkali, thermal and stearic 
acid), stearic acid treated WF had the most pronounced effect on the tensile and dynamic mechanical 
properties. 
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 Chemical compatibilisers 
Besides surface treatment of wood, researchers have explored chemical compatibilisers, aiming to 
improve the interfacial strength through the establishment of chemical bonds at the interfaces between 
wood and polymer matrix phases. This technique involves chemical reaction with the hydroxyl 
groups in wood at one end and with the polymer, at the other, through radical or other reactions. With 
a more reactive surface, polyesters deliver advantages over polyolefins when using this approach.  
 Maleic anhydride grafting on matrix 
Maleic anhydride (MA) graft copolymerisation involves modification of the polymer matrix through 
addition of an anhydride group using dicumyl peroxide (DCP) as an initiator. MA-grafted 
thermoplastics are able to not only wet and disperse the wood fibre efficiently in the matrix, but to 
also form an ester link between maleic anhydride and the hydroxyl groups of wood (Figure 2-13) 
[Kazayawoko et al., 1999; Ndiaye et al., 2011]. 
MA-grafted polyolefins have received widespread application in wood fibre reinforced PP [Dányádi 
et al., 2007; Kazayawoko et al., 1999; Ndiaye et al., 2011] and PE [Lai et al., 2003; Lu et al., 2005] 
composites. In general, the addition of an MA-grafted polymer matrix improved the mechanical 
properties, especially tensile and impact strengths, of the composites at a low loading of less than 5 
wt% polymer [Lai et al., 2003; Ndiaye et al., 2011]. Enhanced interfacial adhesion was proposed to 
explain the observation as evidenced by the change in deformation mechanism from de-bonding to 
fracture of wood particles [Dányádi et al., 2007]. Inverse gas chromatography [Kazayawoko et al., 
1999] and a model of composition dependence of tensile strength [Dányádi et al., 2007] have also 
been used to quantitatively show the improvement in interfacial adhesion upon the addition of MA-
grafted polymers.  
In recent years, the application of MA has been extended to biodegradable polymer-based WPCs. 
The addition of 10 wt% MA-PLA improved the tensile strength and modulus of a PLA/50 wt% WF 
composite by 66% and 19%, respectively [Febrianto et al., 2006]. The composite also became more 
flexible [Febrianto et al., 2006]. Csikos et al. extended the study to the effect of the MA-PLA content 
[Csikós et al., 2015], with increased amounts of MA-PLA enhancing the interfacial adhesion 
parameter, and thus the tensile strength of PLA/WF composites, with a more pronounced effect with 
increasing number of functionality and compatibiliser amount. However, contradictory results were 
reported by Lv et al. who found that the compatibiliser amount exhibited an insignificant effect on 
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mechanical properties of PLA/30 wt% WF composites produced using a single-step reactive 
extrusion [Lv et al., 2016]. 
The application of MA graft copolymerisation has been extended to improve the tensile, flexural and 
impact strengths oak WF/PHBV (2 wt% MA-grafted PHBV) [Srubar & Billington, 2013; Srubar et 
al., 2012b] and pine WF/P(3HB) (1 – 4 wt% MA-grafted PHBV) [Thompson et al., 2010a] 
composites. However, interestingly, the use of MA grafting imparted negligible improvements in 
flexural strength and stiffness, moisture resistance and durability in PHBV-based WF composites 
[Srubar & Billington, 2013]. 
The surface properties of PHBs have also been modified using acrylic acid [Wu, 2006], improving 
composite processibility due to the lower melt temperatures and torque values of these mixes. Such 
compatibilised composites also showed higher tensile strength and a slightly lower biodegradation 
rate than the uncompatibilised blend.  
 
Figure 2-13: Generic chemical reaction between MA-grafted PLA and the hydroxyl groups of WF 
[Lv et al., 2016]  
 Silane-based coupling agents 
On top of reducing the hydrophobicity of wood fibre, silane coupling agents used in the WPCs field 
have also been used to establish physical linkage between wood and polymer. The organo-functional 
group on the silane in this case is carefully chosen such that it can covalently bond to the 
corresponding polymer matrix thus improving the interfacial adhesion. Figure 2-14 provides 
examples of siloxanes that have been commonly applied to natural fibre systems [Xie et al., 2010]. 
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Figure 2-14: Commonly used silanes for wood fibre applications 
Several workers have investigated the effect of silane treatment on biodegradable polymer based 
WPCs properties and reported that organo-silane treated wood reinforced PLA [Gregorova et al., 
2011; Lee et al., 2008] and PHBV [Srubar et al., 2012b] composites had improved mechanical 
properties and water resistance when compared to the untreated wood reinforcements. Silane 
treatment proved in one study to be the most effective among hydrothermal, maleic anhydride, silane 
and stearic acid treatments in improving the storage and loss moduli, which indicates that 
intramolecular and intermolecular interactions between wood fibres and PLA took place [Gregorova 
et al., 2011]. However, contradictory results have been reported in another study based on PLA, where 
no significant difference in mechanical strength was observed between WPCs with silane-treated and 
untreated fibres [Pilla et al., 2008]. 
Silane coupling agents have similarly been tested for PHA-based composites, but mixed results were 
again observed. Srubar et al. used a novel thermochemical vapour deposition technique for the 
functionalisation of oak WF by octadecyl-trimethoxysilane to ensure that silane was sufficiently 
chemisorbed onto the particles [Srubar & Billington, 2013; Srubar et al., 2012b]. In contrast to the 
results from PP and PE matrices, the mechanical results revealed that silane treatment slightly 
improved the tensile, flexural and storage moduli of the PHBV with 3% 3-HV-based composites 
[Srubar & Billington, 2013]. However, there was negligible improvement in the strength and moisture 
resistance [Srubar & Billington, 2013]. It was proposed that the silane may react with both cellulosic 
hydroxyl groups and matrix polymer chains, thereby enhancing particle wettability and improving 
dispersion, but further characterisation is required to confirm this hypothesis [Srubar et al., 2012b]. 
A comparative study of the effects of silane on the mechanical performance between pulp fibre 
reinforced P(3HB) and PP was reported in Ren et al. [Ren et al., 2015]. The results indicated that the 
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silane-based compatibilising agent was more effective in PP based pulp fibre composites than for 
PHB-based composites. The authors suggested that the pulp fibers are already adequately dispersed 
into P(3HB) matrixes such that the use of silane coupling agents is not necessary. Overall, the 
effectiveness of silane coupling agent on PHA-based composites is not well-studied and further 
investigations into the effect on interfacial adhesion between wood and PHA upon addition of 
different types of silane to wood should provide deepened insights into the differences and 
mechanisms.  
 WPCs biodegradation 
Biodegradability has been highlighted in most studies as the unique advantage of biocomposites over 
traditional petroleum-based WPCs. However, degradation studies are limited.  
In one study, the biodegradation rates of PHBV/straw fibre composites with 10, 20 and 30 wt% of 
wood reinforcement were similar to those of PHBV after incubation in a liquid environment 
(Modified Sturm test) (Figure 2-15) [Avella et al., 2000a]. It was also reported that PHBV/peach palm 
particle biocomposites degraded faster than neat PHBV in soil [Batista et al., 2010], where it was 
suggested that the poor adhesion between wood particles and matrix increases accessibility to both 
moisture and microorganisms from the soil, thus accelerating biodegradation. A similar result was 
obtained in another study, such that the introduction of WF accelerated the biodegradation as 
evidenced by the larger weight loss on soil burial from composite samples [Wu, 2006]. However, the 
biodegradation of wood-PHA biocomposites is complex and not well-studied. A better understanding 
on the effect of reinforcement type, morphology and content, void content, and incubation 
environment on biodegradation rate would help to unravel the mix of influencing mechanisms and 
factors.  
The only investigation into the biodegradation of PLA-based WPCs, to the best of our knowledge, 
was done on PLA/70 wt% pine wood fibre composites made using four different commercial PLAs 
before and after 6-month soil burial [Guo et al., 2012a] The mechanical strength and molecular weight 
analyses indicated that the composites degraded more extensively than neat PLA. The flexural 
strength of the composite decreased by an average of 88% and the number-average molecular weight 
of the PLA in such composites decreased by an average of 40% after 6 months of soil burial [Guo et 
al., 2012a]. Further studies on the biodegradation of PLA-based WPCs upon composting and burial 
in landfill would provide a more thorough end-of-life analysis for such material.  
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Unlike PHA, it has been shown that pure TPS degrades faster than composites with WF 
[Agnantopoulou et al., 2012]. A series of 50/50 Mater-Bi/WF composites lost 30 – 37% of their 
weight, depending on the wood species, after 10 months burial in soil whereas pure Mater-Bi lost 
45% of its weight during the same period [Agnantopoulou et al., 2012]. A good adhesion between 
TPS and wood could explain this observation.  
Overall, biodegradability of WPCs was highlighted in most studies but the kinetics and mechanisms 
were not thoroughly studied explicitly. Research on the combination of macroscopic (mechanical 
properties), microscopic (surface cracking), and chemical (molecular weight and CO2 evolution) 
changes of biocomposites upon biodegradation would provide for a deeper understanding of the 
environmental impact of this material and exploitation of biodegradation in service as a function or 
in management after product useful life.  
 
Figure 2-15: Biodegradation rate of PHBV and PHBV/ straw fibre composites based on % of CO2 
evolved with respect to theoretical upon incubation in liquid environment [Avella et al., 2000a]  
 Summary and recommendations 
 Summary  
Overall, current literature has demonstrated the potential and the rising interest of biodegradable 
WPCs. Research has been underway to characterise the properties of biodegradable WPCs in order 
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to explore the potential applications of these materials. Although there is variability in composites’ 
properties related to the neat polymer matrix properties and wood fibre origin, as well as the 
processing conditions, consistency was achieved throughout the literature on the reinforcing effect of 
wood reinforcements. General trends of improvement in composite stiffness and reduction in strain 
at break were observed with increasing wood content. The composite strength is governed by the 
strength of interfacial adhesion between the polymer and the wood reinforcements, which depends 
on the nature of the polymer. From this review, it is shown that the tensile strength of hydrophobic 
biodegradable polyester (PHA and PLA) WPCs decreases with increasing wood content but 
contradictory results were obtained when hydrophilic TPS was used as the polymer matrix. Such 
limitations have been mitigated through compatibilisation techniques which most of the current 
literature has been focused on.  
 Research gaps 
The research gaps here are specific to PHA-based WPCs, which is the targeted system in this thesis, 
but some are also applicable to the broader context of composite materials.  
While there is a considerable body of literature on the production of PHA-based WPCs, the majority 
of the studies on PHA and PLA based WPCs have been focused on improving the interfacial adhesion 
between wood and polymer through various compatibilisation techniques. Several fundamental 
concepts still need to be investigated for broader implementation of such technology and further 
commercial development of PHA-WPCs. In particular, a deeper understanding of the structure-
property relationships and interfacial optimisation strategies as well as more thorough in-service 
stability and end-of-life analyses are needed. Therefore it is suggested that efforts be placed on the 
following areas: 
 Structure-property relationship 
Although the interfacial strength is often suggested as the controlling factor for composite mechanical 
properties, the quantification of the interfacial adhesion in these WPCs is lacking, and a clear 
literature gap. Much more work is needed on both characterising and modifying the interfacial 
adhesion in WPCs, and also to understand the relationship between the micro-structure and properties 
of the modified WPCs.  
 Exploring the effect of PHA matrix properties on bulk WPCs properties 
Chapter 2 
82 
 
Literature has highlighted the wide range of PHA copolymers with different mechanical properties 
as a unique advantage of PHA. However, most studies on PHA-based WPCs have been based on 
commercially available, pure culture P(3HB) and PHBV. Only a few attempts have been made to 
study the effect of PHBV properties, and particularly of 3HV content, on the overall composites’ 
properties. Furthermore, no study has been reported that extends the insights from this work into 
WPCs of PHBV with 3HV contents higher than 25%. Future work is directed to explore the use of 
PHBV with higher 3HV contents and other copolymers such as P3HB4HB as they offer higher impact 
strength and toughness which could potentially extend the applications of the WPCs. Furthermore, 
the use of mixed culture PHA is also of research interest as it offers cost-competitiveness which has 
been regarded as the major challenges for PHA.  
 Characterisation of the stability of PHA-based WPCs 
There has been a common perception that biodegradable materials lack stability in ambient conditions 
while in service. It is also necessary to identify their product lifetime in use. To date, however, very 
little research has been conducted on the mechanical stability of the prototype PHA/wood composites. 
The only studies were on moisture-induced mechanical deterioration and the durability under soil 
environment. These investigations were more focused on the biodegradation aspects and lack data on 
the influence weathering on mechanical durability. More importantly, there have been no studies on 
the effect of outdoor (non-soil) weathering on the durability of PHA-based WPCs. Given the growing 
interest in fully biodegradable PHA-based WPCs, a more thorough understanding of the physical and 
mechanical stability of PHBV/wood composites upon indoor and outdoor (non-soil) weathering is 
therefore required.  
 Full characterisation of the biodegradability of PHA-based WPCs 
In spite of the claim for biodegradability as a highlighted benefit of PHA-based WPCs in most studies, 
there has been limited research into the biodegradation kinetics and mechanisms of such WPCs. It is 
important to demonstrate the biodegradability of these materials in practical real-life contexts such as 
in soil for clarifying their end-of-life environmental impact.   
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 Thesis Overview: Research Objectives 
and Approach 
This thesis primarily focused on the development of a novel low-cost high-performance PHA-based 
WPCs. However a number of the outcomes may be applicable to other composite systems. The 
research objectives (RO) of this thesis as presented in chapter 1.2 were expanded with details from 
the literature review (Chapter 2) and are presented in this chapter.  
 Research objective 1 – Develop a manufacturing process to achieve 
commercially-relevant mechanical properties of the composite 
To develop a new high performance PHA/WF composite, it is necessary to first develop an optimised 
processing method for the system. This is particularly crucial when processing thermo-sensitive 
polymers such as PHA. Extrusion is well-known as a standard manufacturing method for WPCs in 
industry as it is a continuous process and can easily be scaled up. Therefore, process optimisation was 
to be done by studying the effect of extrusion parameters on the composites’ properties. The second 
step was to understand the reinforcing effect of WF at different wood loadings. The purpose was to 
determine an extruder set-up for the default extrusion processing of PHA/WF composites and 
determine the optimal wood reinforcement content.  
 Research objective 2 – Establish a correlation between micro-structure and 
the composites’ properties with respect to the use of compatibilisation 
techniques and the addition of additives 
Once the benchmark properties of the PHA/WF composites without compatibilisation had been 
established, the second part focused on improving the mechanical performance. It is established in 
the literature that the use of compatibilisation techniques is effective in improving the interfacial 
interactions and thus the mechanical properties of composites. The goal therefore was to determine 
the best composite formulation by understanding the effect of selected compatibilisers and additives 
on the composites’ properties. Another goal was to identify and quantify the key factors that controls 
the mechanical properties such as the void content. This should provide some insights into the 
structure-property relationship of the systems, which could be extended to other composite systems.  
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 Research objective 3 – Explore the use of alternate tough PHA copolymers 
and their effects on the bulk properties of the composites 
PHAs are a family of biopolyesters that consist of a wide range of monomer units that are 
distinguished by their side groups and the length of the carbon backbone. A feature of the PHA family 
is that different copolymer compositions offer a wide property range. For example, stiff and brittle 
P(3HB) becomes flexible and tough when 3HV monomers are incorporated to form a copolymer. 
PHBV also has a lower melt flow index than PHB. PHBV is therefore attractive for composite 
applications, as a way to potentially mitigate the brittleness of WPCs and facilitate the mixing with 
the WF.  
Several attempts have been made to study the properties of PHBV-based wood composites but none 
with PHBV of high 3HV content (>25 mol%) since they are still not commercially available at 
present. The goal of this thesis was to bridge this gap by first producing, in-house, high 3HV content 
PHBV using a pilot-scale mixed culture accumulation facility, and then to characterise the mechanical 
performance of the extruded mixed culture PHBV/WF composites. The use of mixed culture PHA 
over pure culture, which is the present state-of-the-art industry-scale manufacturing process, also 
offers cost advantages.  
Another goal was to explore the manufacturing of P3HB4HB-based WPCs with the extrusion process, 
given that the polymer, P3HB4HB, also has attractive toughness. The translatability of the matrix 
properties to the composites’ properties was also addressed.  
 Research objective 4 – Assess the indoor and outdoor in-use performance 
and stability of PHA/WF composites  
Once a new high performance PHA-based wood plastic composite has been developed, it is necessary 
to identify its product lifetime in use. This is particularly of interest for bio-based and biodegradable 
materials due to the concern over the mechanical stability during service. However, there is still a 
lack of information on the stability of PHA/WF composites. The aim was to characterise the change 
in physical appearance and mechanical properties of PHA/WF composites during service in both 
indoor and outdoor environment. Real-time aging analysis in indoor conditioned environments and 
outdoor natural weathering should provide complete product specifications for the prototype 
composites.  
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 Research objective 5 – Characterise the end-of-life biodegradability of 
PHA/WF composites  
Biodegradability has been highlighted as a unique advantage of PHA-based WPCs composites in 
most studies but there has been limited research into the biodegradation kinetics and mechanisms of 
this material, which is a clear gap in the literature. To clarify the end-of-life environmental impact of 
this material, it is necessary to characterise the biodegradability of PHA/WF composites in practical 
real-life contexts such as soil burial. The goal was to perform a complete biodegradation study that 
captures the macroscopic (change in mechanical properties), microscopic (surface cracking) and 
chemical changes (change in molecular weight, CO2 evolution) of the PHA/WF composites when 
buried in soil. Another goal was to benchmark the end-of-life impact against PLA- and PE-based 
WPCs to demonstrate the unique advantage of the PHA/WF composites in terms of biodegradability.  
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 Experimental Methods 
In this chapter, the major materials, the general composite processing method and the methods of 
characterisations for the neat polymers and the composites that were used throughout the thesis were 
described. Further specific and detailed experimental conditions, if they differ from those described 
in this chapter, as well as extra methods of characterisation and mathematical tools were described in 
the appropriate chapters. 
 Materials 
The materials produced for the majority of the thesis were based on commercially available PHBV 
and WF. The PHBV with 1 mol% 3HV content (as-determined by 1H-nuclear magnetic resonance 
(NMR) analysis) and a weight-average molecular weight (𝑀𝑤̅̅ ̅̅̅) of 700 kDa in powder form was 
supplied by TianAn Biopolymer, China under the trade name of ENMAT Y1000. The wood 
reinforcement is hammer-milled radiata pine wood flour (WF) that was sieved to below 300 μm and 
was obtained from Micromilling, Australia. The specified particle size distribution of the as-received 
WF is summarised in Table 4-1. The extra materials used in individual chapters are described in the 
appropriate sections within those chapters. 
Table 4-1 Specified particle size distribution of WF from manufacturer 
Particle size 
(μm) 
Smaller 
than 75 
75 to 150 150 to 250 250 to 300 Larger 
than 300 
Distribution 35% 30% 30% 5% Max 1% 
 Processing and characterisation 
 Extrusion processing 
The composite materials were prepared using a two-step process, consisting of dry mixing followed 
by melt compounding. The PHBV and WF were first dried in a vacuum oven at 105○C, -80 kPa for 
24 hours and then sealed in vacuum bags until use. The formulations, which are described in 
individual chapters, were then premixed by manual stirring with a Homemaker double-blade kitchen 
stick mixer at 150 g per batch, 200 rpm for 2 min. A co-rotating twin screw extruder with a diameter 
of 16 mm and a length-to-diameter ratio of 40:1 was used for melt compounding. The optimised 
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extrusion parameters were determined based on a preliminary study that is described in chapter 5.3.1. 
A decreasing temperature profile with a maximum barrel temperature of 180○C and a die temperature 
of 160○C was implemented for the commercial PHBV. Extruder set-ups that differed from the above 
are specified in the appropriate chapter. The screw speed was maintained at 100 rpm. The resulting 
residence time was estimated to be ~1 min. The pre-mixed blends were fed to the extruder using a 
flood feeding technique to pack the barrel. The screw configuration was chosen to consist of forward 
conveying elements with low shear only. Two different slit dies with cross sectional dimensions of 
13 x 2 mm and 25 x 2 mm were used in this thesis and are specified in the appropriate chapters. A 
WF content of 50 wt% was chosen to match commercial products. Prior to any characterisation, the 
samples were first conditioned for at least 2 weeks under controlled temperature and humidity of 
25○C and 50% respectively to allow for slow (secondary) crystallisation [Biddlestone et al., 1996].  
 Rheology measurement 
Rheological measurements were made using an ARES Rheometer with parallel plates fixtures. The 
as-received PHA powder were first hot pressed into 1.5-mm thick sheets using a 10 x 10 cm frame 
under a Carver hydraulic press at a corresponding melting temperature (180○C for commercial 
PHBV) under a force of 10 U.S. tons for 2 min. The resulting sheets were then cut into discs with a 
diameter of 25 mm using a laser cutter before rheological analysis. The disc-shaped samples were 
placed between the plates and frequency sweeps from 1 to 100 rad/s were performed. Test conditions 
were 0.5% strain at the extrusion temperature of 180○C.  
 Differential scanning calorimetry (DSC) 
A differential scanning calorimeter Q2000 (TA Instruments) under a constant nitrogen flow of 50 
mL/min was used to determine the thermal properties of the neat polymers and polymer composites. 
Samples of 2.0 to 4.0 mg were placed in a sealed aluminium pan and were analysed using standard 
DSC heating and cooling scans. Each sample was heated from 25○C to 185○C at 10○C/min and kept 
isothermal for 0.1 min, and then cooled to -70○C at 10○C/min and kept isothermal for 5 min. After 
this, the sample was once again heated to 185○C at 10○C/min, followed by rapid cooling to -70○C at 
~50○C/min (the maximum cooling rate). The sample was then heated to 25○C at 20○C/min in the final 
heating cycle. The melting temperature, Tm, and enthalpy of fusion, ∆Hm were determined from the 
first heating cycle (since any slow crystallising components of PHA blends will not crystallise in time 
for the second heating scan [Laycock, B. et al., 2014]). The crystallisation temperature, Tc, was 
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determined from the cooling cycle. The glass transition temperature, Tg, was determined from the 
final heating cycle using first differential analysis.  
Isothermal crystallisation kinetics were evaluated by heating 2.0 to 4.0 mg of sample from 25○C to 
185○C at 10○C/min, holding at this temperature for 0.5 min to melt residual crystals, and then 
quenching at a rate of ~50○C/min to the predetermined isothermal crystallisation temperature (Tc,iso). 
After crystallisation was complete (less than 30 min), the sample was heated to 185○C at 10○C/min. 
Avrami analysis and the Hoffman-Weeks equation were used to determine the kinetics of 
crystallisation, the equilibrium melting point (𝑇𝑚
0 ) and the ratio of final to initial lamellar thickness 
(𝛾) [Hoffman & Weeks, 1962]. Two replicas were assessed to confirm the reproducibility. 
 Wide-angle X-ray scattering (WAXS) 
The degree of crystallinity of the PHA samples was estimated using wide angle X-ray diffraction 
(WAXS) analysis on extruded samples. A Bruker D8 Advanced X-ray Diffractometer with Ni-filtered 
Cu Kα radiation with a voltage of 40 mV and a current of 30 mA was used. X-ray diffraction patterns 
were obtained from scans from 5o to 50o at a rate of 1 o/min and a step size of 0.02o. Data processing 
was performed using PeakFit software to distinguish and quantify the amorphous and crystalline 
peaks from the X-ray diffraction pattern. The degree of crystallinity was then calculated from the 
quantified peak areas.  
 Gel permeation chromatography (GPC) 
Gel permeation chromatography (GPC) was used to determine the molecular weight of PHA. Samples 
were dissolved in HPLC grade chloroform at 75°C for 30 min at a concentration of 2.5 mg/mL in 
sealed glass tubes. A HPLC solvent delivery system (Waters 1515) was used with conjunction with 
auto-injector (Wisp 717). A column set consisting of a guard column (Waters Styragel (20 m, 
4.6 mm  30 mm)) followed by a series of columns in series: Waters Styragel HR5 (5.5 m, 7.8 mm 
 300 mm), Waters Styragel HR1 (5 m, 7.8 mm  300 mm) and Waters Styragel HR4 (4.5 m, 4.6 
mm  300 mm). The columns were kept at 30○C. A refractometer, at 30○C, was used to detect the 
signals. A chloroform flow rate of 1 mL/min was used for the analysis. Narrowly distributed 
molecular weight polystyrene standards were used for calibration.  
 Nuclear magnetic resonance (NMR) 
1H-NMR spectra were run using a Bruker Avance 500 MHz high-resolution NMR spectrometer. 
Polymer samples were dissolved in deuterochloroform (CDCl3) (10 mg/mL). 
1H 1D NMR spectra 
Chapter 4 
89 
 
acquisition at 298 K was proceeded by 4 dummy scans followed by 64 scans over a spectral width of 
11 ppm (5500 Hz). The chemical shifts and the relative peak intensities were determined using the 
TopSpin 3.5 software. Chemical shifts were referenced to the proton peak of CDCl3 at 7.26 ppm. For 
13C high resolution one-dimensional (1D) NMR, polymer samples were dissolved in CDCl3 at a 
higher concentration (30 mg/mL). 13C 1D NMR spectra acquisition at 298 K was preceded by 4 
dummy scans followed by 1024 scans over a spectral width of 230 ppm (28800 Hz). The chemical 
shifts and the relative peak intensities were determined using the TopSpin 3.5 software. Chemical 
shifts were referenced to the proton peak of CDCl3 at 77.2 ppm.  
 Gas chromatography (GC) 
Gas chromatography (GC) analysis was used to determine the 3HV comonomer content of the 
TianAn and as-produced PHBV. 2 mL of acidified methanol with benzoic acid (3 wt% of H2SO4) 
and 2 mL of chloroform were added to ~ 30 mg dried biomass containing PHA, followed by 
dissolution of the sample for 24 h at 100○C. When the samples were cooled, milli-Q water was added 
to facilitate methanolysis. After 1 h settling, the solutions were transferred to a vial with 3Å molecular 
sieves to remove any residual water in the samples. 3 mL of this chloroform solution was then 
analysed using a Perkin-Elmer gas chromatograph equipped with a DB-5 nonpolar capillary column 
(30 m × 0.25 mm × 0.25 m) at a range of 80 – 270○C. A flame ionisation detector at 300○C was placed 
at the end of the column. Biologically sourced P(3HB) and PHBV copolymer (30 wt% 3HV) (Sigma 
Chemicals, USA) in various weight ratios were used as a standard. 
 Mechanical testing 
A laser cutting machine (80W; Redsail, Australia) was used to cut the samples into specimens with 
corresponding shapes for testing. A cut speed of 25 mm/s, a work power of 50% and a corner power 
of 30% were used. The cut specimens were submitted to tensile, notched Charpy impact and flexural 
three-point bend tests.  
 Tensile test 
The routine tensile testing method was determined based on a preliminary study which is presented 
in chapter 5.2.3. Tensile tests were performed according to ASTM D638 standard on an Intron 5584 
with a 1-kN electronic load cell. Sections of extruded rectangular strips were laser cut into Type V 
dogbone-shaped specimen. Tests were performed at a rate of 1 mm/min until fracture. Extensometer 
were used to obtain an accurate strain value across the narrow region.  
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 Charpy impact test 
Unnotched and notched Charpy impact tests were performed according to ISO 179-1/1eU abd ISO 
179-1/1eA standard respectively using an impact tester with a span of 62 mm and a 0.5J pendulum 
impactor. The 2 mm-thick samples were cut to 80 x 10 mm with Type A notch using a laser cutter.  
 Flexural three-point bend test 
Flexural three-point bend tests were performed in accordance to ASTM D790 on an Instron 5543 
with a 500-N electronic load cell. Standard rectangular bars with dimensions of approximately 2 x 13 
x 30 mm (thickness x width x span) were used as test specimens. Flexural tests were carried out at a 
rate of 1 % strain/min. To account for the heterogeneity, at least five replica were tested for each tests 
to obtain a reliable mean value. 
 Water absorption 
Water absorption profiles were obtained by means of an immerse-and-weigh method in accordance 
with the long-term immersion procedure in ASTM D570. Samples with dimensions of 2 x 13 x 40 
mm were dried in a vacuum oven at 100○C for 24 h to obtain a dry initial weight (M0). The specimens 
were then immersed in distilled water. Measurements were taken at the 24 h mark, 1 week mark and 
every two weeks afterwards until the percent water uptake per two-week was less than 1%. Before 
each measurement, the samples were wiped with a dry cloth and air dried for 10 min to remove water 
on the surface. The percent water uptake was determined by the following equation:  
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =
𝑀𝑡 − 𝑀0
𝑀0
× 100% 
where Mt is the weight of the specimen after immersion in water and M0 is the initial dry weight. Five 
replicas were implemented for each sample set to obtain reliable average values. The corresponding 
95% confidence intervals based on t-value were also reported. 
 Density measurement 
The assessment of void contents, which is an indication of outgassing, moisture presence and poor 
interfacial adhesion, and thus poor composite performance, was analysed using density measurement 
and optical microscopy analysis. Density measurement was performed using a density kit 
manufactured by Sartorius along with a Sartorius balance, according to ASTM D792 method. Using 
the kit, the mass of the specimen in air with the submerged hanger, mair, and the mass of the specimen 
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completely immersed in deionised water at 23○C with the submerged hanger, mimmersed, were 
measured. The specific gravity was calculated by the following equation: 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑎𝑡 23 ℃ =
𝑚𝑎𝑖𝑟
𝑚𝑎𝑖𝑟 − 𝑚𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑
 
The density value was then determined by multiplying the specific gravity by the density of water at 
23○C, which is 0.998 g/cm3. 
 Optical Microscopy 
A polarised optical microscope (Olympus BX50) equipped with a Leica camera was used to take 
images of composite surfaces. Fractured composite samples were embedded in polyester resin and 
then blocked and polished until a scratch-free surface was observed under the optical microscope. 
Quantitative data was obtained through image processing using ImageJ software. This technique has 
been previously calibrated against 3D X-Ray tomography, which has been used by geology 
communities for acquiring 3D images [Yun et al., 2013].  
 X-ray Tomography 
X-ray tomography scans were performed using a Skyscan 1172 benchtop micro-tomography system 
with a resolution of 3.8 µm pixel/voxel size. Samples of 17 mm long by 3 mm square cross-section 
were placed on a mechanical stage between an x-ray source and the detector. Raw cross-sectional 
projected images throughout the sample were collected. 3D image reconstruction and quantitative 
analysis were performed using ImageJ software. 
 Scanning Electron Microscopy (SEM) 
Two different microscopes were used throughout the thesis. Samples were assessed with either a 
JEOL 6160, a JEOL 6460 or a Hitachi SU3500 scanning electron microscope under back scattered 
electron mode. All samples were coated with ~30 nm of Iridium or Carbon and vacuum dried at room 
temperature for at least 24 hours before imaging. The SEM set-up including the accelerating voltage, 
spot size and working distance are specified in the corresponding chapter.  
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 Extrusion Process Optimisation for 
PHA/WF Composites 
The first and important step for the development of a novel material requires the understanding of its 
processing procedure. This chapter described the development of an optimised manufacturing process 
for PHBV/WF composites through studying the effect of processing parameters on the material 
properties, which addresses RO1. The effect of the extruder temperature profile and screw speed were 
investigated. The as-determined process was then applied to establish a benchmark of the PHBV/WF 
composites with different wood content.  
The major outcomes of this chapter were: 
 An optimised extrusion processing set-up has been established for PHBV/WF composites 
 Without functionalisation, extrusion is capable of producing composites with up to 60 wt% of 
wood although with lower mechanical performance. The reinforcing effect of WF was seen 
from the improvement in stiffness.  
 A wood content of 50 wt% was selected based on the balance of cost-effectiveness and 
mechanical performance 
 Introduction 
In general, the production of WPCs involves formulation and processing. A typical formulation 
consists of polymer, WF or fibre, compatibilisers and additives. Processing involves the mixing of 
the ingredients and the manufacturing of test specimens. Apart from the effects of the polymer matrix, 
wood and additives, processing parameters also have a major influence on the final product 
performance, and may interact differently with different PHA materials. Therefore, extrusion process 
optimisation on the PHA-WF system used in this Thesis should be done foremost to establish default 
extrusion processing conditions.  
Conventional processing of PHA/wood composites involved melt compounding and material 
processing [Satyanarayana et al., 2009]. Extrusion [Singh & Mohanty, 2007; Srubar et al., 2012b; 
Thompson et al., 2010a] and Brabender mixing [Dufresne et al., 2003; Fernandes et al., 2004] have 
been commonly used to melt mix the WF with polymer matrix. Injection moulding [Singh & 
Mohanty, 2007; Srubar et al., 2012b; Thompson et al., 2010a] and compression moulding [Dufresne 
et al., 2003; Fernandes et al., 2004; Peterson et al., 2002] have been utilized to yield test specimens. 
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Single-step extrusion of PHBV/WF composites has also been reported [Chan et al., 2017b; Thompson 
et al., 2010b], with extrusion achieving material properties comparable with PE/wood and PP/wood, 
however only a few studies on the process optimisation or consideration of thermal degradation of 
the PHA matrix were reported. 
Investigation on the extrusion of neat PHBV was conducted by Zhang et al. [Zhang et al., 2004], who 
found that a reverse temperature profile was necessary to avoid thermal degradation of PHBV, which 
was otherwise observed at 170°C. Thermal degradation was evidenced by a reduction in viscosity of 
the polymer. Gunning et al. used a twin-screw extruder to extrude P(3HB)/wood composites at 
different screw speeds. They showed that increasing the screw speed enhanced fibre dispersion 
through thorough mixing but decreased the tensile and impact strength [Gunning et al., 2014]. An 
elevated local barrel temperature was observed at higher screw speeds implying that shear heating 
was present. As a result, a reduction in tensile and impact strength with increasing screw speed could 
be explained by the enhanced thermal degradation induced by shear heating. During extrusion, the 
polymer chains are subjected to both elevated temperatures and shearing stresses, which when 
combined may promote chain scissioning [Pachekoski et al., 2013]. This would result in loss in 
molecular weight and thus worsened mechanical properties. Moreover, the degree of thermal 
degradation would be further facilitated by the incorporation of a two-step process at elevated 
temperatures. Therefore, the development of single-step processing is important to optimise the 
performance of the composite. Extrusion with a ribbon die is a potential process to produce tensile 
test specimens in a single step, however whether this would be feasible in an industrial setting is yet 
to be determined.  
An extensive review of critical process parameters for pharmaceutical extrusion has been performed 
by Thiry and Evrard [Thiry et al., 2015], which could be applicable to the processing of thermally 
sensitive polymers such as PHA. They suggested that the important extrusion parameters are 
temperature profile, screw speed and screw configuration. Therefore, the goal of this chapter was first 
to develop an optimised processing procedure for PHBV/WF composites through studying the effect 
of processing parameters on PHBV/WF composite material properties and then benchmarking the 
material with various wood contents. A 3-by-3 full factorial design of experiment was adopted to 
study the effect of temperature profile and screw speed. The screw configuration was kept to minimal 
shear to prevent excessive shearing force. The as-determined process was then applied to study of the 
effect of wood content. A mechanical testing protocol for this material was also developed.  
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 Experimental procedure 
 Materials 
The TianAn PHBV and WF as described in chapter 4.1 were used in this chapter. 
 Extrusion processing 
In order to develop the optimised extrusion set-up, PHBV/WF composites were prepared, using the 
same dry mixing procedure and the extruder as described in chapter 4.2.1 but with different extrusion 
temperature profiles and screw speeds. The three chosen temperature profiles with maximum barrel 
temperatures of 170○C, 180○C and 190○C are detailed in Table 5-1. Based on the literature, a 
decreasing temperature profile was used [Thompson et al., 2010a]. Three different screw speeds (50, 
75 and 150 rpm) were studied. The extrusion conditions with associated sample identifications are 
summarised in Table 5-2. A WF content of 45 wt% was chosen initially. Flood feeding was employed 
to pack the barrel. The screw configuration was chosen to consist of forward conveying elements 
only, based on the initial observation of well-dispersed WF in the resulting composite. A slit die with 
cross section dimension of 13 x 2 mm was placed at the die to yield sections of rectangular specimens 
for mechanical testings.  
The as-determined process was then applied to study of the effect of wood content. A mechanical 
testing protocol for this material was also developed. Six wood content levels between 0 to 60 wt% 
with a 10 wt% increment were chosen in this study and their tensile properties were characterised.  
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Table 5-1 Extruder temperature profiles chosen for the extrusion optimisation study 
Identification Temperature (○C) 
Feed 2 3 4 5 6 7 8 9 Die 
170○C 150 165 170 170 165 164 163 162 161 160 
180○C 150 175 180 180 165 164 163 162 161 160 
190○C 150 185 190 190 165 164 163 162 161 160 
 
Table 5-2: Composite formulations for the study of the effect of extrusion parameters 
Sample name PHBV 
(wt%) 
WF (wt%) Temperature 
profile 
Screw speed 
(rpm) 
170○C_50rpm 55 45 170○C 50 
170○C_75rpm 55 45 170○C 75 
170○C_100rpm 55 45 170○C 100 
180○C_50rpm 55 45 180○C 50 
180○C_75rpm 55 45 180○C 75 
180○C_100rpm 55 45 180○C 100 
190○C_50rpm 55 45 190○C 50 
190○C_75rpm 55 45 190○C 75 
190○C_100rpm 55 45 190○C 100 
 
 Characterisation methods 
The extruded composites were then submitted to tensile and flexural 3-point bend tests. Prior to the 
establishment of the routine tensile testing method described as follows, tensile tests for the study on 
the effect of extrusion parameters were performed according to ASTM D3039 standard but with a 
thinner and narrower specimen. An Intron 5543 with a 2-kN electronic load cell was used. Sections 
of extruded rectangular strips with dimensions of 2 x 13 x 40 mm (thickness x width x span) were 
tested at a rate of 2 mm/min until fracture. Apart from that, the tensile properties of the composites 
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of different wood contents were characterised according to the procedure as-described in chapter 
4.2.4. 
The modified ASTM D3039 standard tensile testing method used in this chapter was compared to 
ASTM D638 Type V method, which is well-established for testing WPCs, to verify the credibility of 
the modified method. A comparison between the methods is shown in Table 5-3. The details of the 
ASTM D638 method were described in chapter 4.2.8.1.  
Both methods were applied to the extruded PHBV/WF composites containing 45% of wood using the 
set-up of 180○C and 100 rpm. The data from ten replicates is summarised in Table 5-4. Similar tensile 
strength values were observed between samples using the two different testing methods. However, 
lower strain at break and higher tensile modulus were obtained upon the use of dogbone specimens 
with a video extensiometer. The differences in specimen geometry and strain rate, as can be seen in 
Table 5-3, could explain the results. Having a larger cross-sectional area, rectangular specimens 
require higher load to break the sample, which implies that this method is more prone to grip slipping. 
Slipping could over-estimate the tensile strain and thus underestimate the modulus. The different 
strain rate could also affect the properties. It has been shown that changing the strain rate during 
tensile testing produces mixed results for tensile properties in different composite systems [Jacob et 
al., 2004]. However, the exact effect of strain rate is uncertain.  
To conclude, the mechanical results obtained from the modified ASTM D3039 method may produce 
false values. Based on the literature, the standardised ASTM D638 tensile testing on laser cut Type 
V dogbone specimens has been widely used in WPCs. Therefore, this method was chosen to be the 
routine tensile testing method for future activities after the study on the effect of extrusion parameters 
(chapter 5.3.1) throughout the thesis.  
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Table 5-3: Comparison between modified ASTM D3039 and ASTM D638 Type V tensile testing 
method 
 Modified ASTM D3039 ASTM D638 Type V 
Specimen dimension Rectangular Dogbone 
Strain rate 2 mm/min 1 mm/min 
Tensile strain 
measurement 
Crosshead displacement Displacement within narrow 
region (gauge length) 
 
Table 5-4: Tensile properties of 45 wt% PHBV/WF composite using different tensile testing 
methods 
 Modified ASTM D3039 ASTM D638 Type V 
Tensile strength (MPa) 31 ± 1 29 ± 1 
Tensile strain at break (%) 3.6 ± 0.2 0.81 ± 0.08 
Tensile Young’s modulus 
(GPa) 
0.90 ± 0.07 4.1 ± 0.4 
 
Flexural three-point bend tests were done on an Instron 5543 following ASTM D790 standard. The 
details were described in chapter 4.2.8.3. The ASTM D570 long-term immersion procedure presented 
in chapter 4.2.9 was used to obtain the water absorption profile. Density measurement was done 
according to ASTM D792 (chapter 4.2.10). SEM analysis (chapter 4.2.13) was done on carbon-coated 
tensile-fractured samples using JEOL 6610 at an accelerating voltage of 10 kV, a spot size setting of 
50 and approximately 10 mm working distance.   
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 Results and discussion 
 Effect of extrusion parameters on composites’ properties 
 Mechanical properties 
The tensile strength, modulus and strain at break of the composites produced using different 
processing parameters are presented as box plots in Figure 5-1, and their flexural strength and 
modulus are presented in Figure 5-2.  
Mixed results were observed from the tensile strength values. In general, the tensile strengths of the 
composites produced at 190○C were slightly lower than those at lower temperatures, although this is 
not seen in tensile modulus and tensile strain at break. Also, the composites extruded at 180○C and 
75 rpm also showed lower strength value when compared to others extruded at 170○C and 180○C. On 
the other hand, no obvious trends could be observed from the tensile properties of the composites 
produced using different screw speeds (50, 75 and 100 rpm). Similar results were observed for the 
flexural properties, which are presented in Figure 5-2.  
PHA has been known to thermally degrade through chain scissioning at temperatures above melting 
point (173oC) and would be more severe with shear. This implies that thermal degradation of PHBV 
could have happened when PHBV was exposed to higher temperature (e.g. 190○C). Acid products 
could be produced from the degradation reaction, which often leads to worsened mechanical 
properties [Yamaguchi & Arakawa, 2006]. Nevertheless, there are also other factors such as fibre 
wetting and fibre distribution which could contribute to the observed mixed results. Incomplete 
mixing could introduce local defects and facilitate crack propagation when a load was applied. The 
combination between PHBV degradation and the degree of matrix-fibre mixing are the keys for 
optimising the mechanical properties. The temperature profile should be kept low but at the same 
time high enough to provide sufficient mixing and wetting of the WF.  
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Figure 5-1 Tensile strength (a), tensile modulus (b) and tensile strain at break (c) of PHBV/WF 
composites produced using different extrusion parameters using the modified ASTM D3039 
standard 
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Figure 5-2 Flexural strength (a) and flexural modulus (b) of PHBV/WF composites produced using 
different extrusion parameters 
 Water absorption 
Water absorption is a well-established specification for WPCs as indications of the wetting of the WF 
and the presence of voids within the composite matrix. Saturation was observed after 2 weeks of 
water immersion in all samples. Such a saturation timeframe has also been observed in other 
composite systems and is attributed to the saturation of the cell wall in hydroscopic wood-based 
reinforcements [Da Silva et al., 2014]. The total saturated water absorption data is shown in Table 
5-5. Results showed that there was no significant differences in total water absorption between all 
composites samples. 
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Table 5-5 Total saturated water absorption through water immersion of PHBV/WF composites 
produced using different extrusion parameters 
Screw speed (rpm) Total saturated water absorption through water immersion (%) 
Temperature profile 
170○C 180○C 190○C 
50 14.0 ± 0.9 13.8 ± 0.5 15.1 ± 0.5 
75 13.9 ± 0.7 12.9 ± 0.5 16.2 ± 0.7 
100 14.0 ± 0.7 13.5 ± 0.3 16.3 ± 0.7 
 
 Density measurement 
Density values and SEM images are used to examine the degree of packing and the interfacial 
adhesion of the composite samples. Results showed that there was no evidence of difference in 
density values among all composite samples, as can be seen in Table 5-6. Lower density values is 
generally correlated with larger number of voids [Grubbström & Oksman, 2009]. Therefore, such 
results indicated that there is no significant difference in void content between samples. It may also 
be that density measurement is not sensitive enough for the measurement of voids.  
Table 5-6 Density values of PHBV/WF composites produced using different extrusion parameters 
Screw speed (rpm) Density values (g/cm3) 
Temperature profile 
170○C 180○C 190○C 
50 1.22 ± 0.01 1.22 ± 0.02 1.22 ± 0.02 
75 1.21 ± 0.01 1.22 ± 0.01 1.23 ± 0.01 
100 1.22 ± 0.01 1.23 ± 0.01 1.22 ± 0.01 
 SEM analysis 
Figure 5-3 showed the micrographs of the fractured surface of composites using different extrusion 
methods. SEM images reveal good dispersion of WF in PHA matrix. However, the observed presence 
of voids and fibre pullouts led to inconclusive results and indicated loose packing and lack of 
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interfacial adhesion, respectively [Singh & Mohanty, 2007]. In fact, no quantitative information can 
be obtained from the observation of fibre pull out to compare between samples. The available analysis 
techniques were either too macroscopic or qualitative. A more powerful and quantitative method is 
needed for the characterisation of void content and interfacial adhesion.  
 
Figure 5-3 SEM micrographs of the fractured surface of PHBV/WF composites produced using 
different extrusion parameters 
 Benchmarking of PHA/WF composites with different wood loadings 
The tensile properties of the PHBV/WF composite with different wood loading were characterised 
using the new ASTM D638 Type V standard as established in this chapter. As presented in Figure 
5-4, the tensile strengths decreased slightly upon the addition of WF at lower wood content levels (0 
– 30 wt%) but decreased more significantly with increasing wood content (> 40 wt%). For WPCs 
with relatively tougher thermoplastics such as PHBV, unlike composites with relatively brittle 
thermosets like epoxy, it is well known that the interfacial stress transfer efficiency is key for 
achieving high mechanical strengths [Mukhopadhyay et al., 2003]. Therefore, poor interfacial 
adhesion is proposed to explain the observed decreases in tensile and flexural strengths at higher 
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wood contents (> 40 wt%). Poor wetting of WF could also be a factor due to the low PHA content. 
With the poor wetting, crack would then propagate through the interface through rapid debonding 
and lead to worsened mechanical strength.  
An increase in WF content also led to a gradual decrease in strain at break, with a close-to linear 
relationship being observed. Tensile strain at break is often considered to be the most sensitive 
mechanical property to voids and loose packing. Higher wood content results in an increase in 
interfacial area and thus less polymer relative to surface, leading to more voids and weak interactions 
between wood and polymer. The initial defects could therefore lead to rapid crack propagation and 
thus bearing a lower load before facture.  
Overall, reinforcing effects from the WF enhanced the tensile modulus of the composite until the WF 
content reached 50 wt%. An improvement in stiffness has been commonly observed in lignocellulosic 
fibre filled polymer composites when compared to the raw polymer. In this PHBV/WF system, the 
addition of 50 wt% of WF resulted in a 56% increase in tensile modulus.  
When the wood content was higher than 50 wt%, the tensile strength and modulus dropped 
dramatically due to the lack of wetting and the increased interfacial surface area. By balancing the 
cost consideration and the mechanical performance, 50 wt% of WF appeared to be the optimum wood 
content, which is also comparable to most commercial WPC products.  
The ‘rule of mixtures’ has been used to predict the mechanical properties of a composite material of 
unidirectional fibre composites, e.g. carbon fibre reinforced epoxy. The ‘Rules of Mixtures’ were 
applied to determine the theoretical upper and lower limit of the modulus but one should be aware of 
the assumptions and its validity for composites with randomly-distributed short fibres or particulates. 
The following assumptions were made when calculating the theoretical value of modulus: 
 Fibres are uniformly distributed throughout the matrix.  
 Perfect bonding between fibres and matrix.  
 Matrix is free of voids.  
 Applied loads are either parallel or normal to the fibre direction.  
 Lamina is initially in a stress-free state (no residual stresses).  
 Fibre and matrix behave as linearly elastic materials. 
The as-calculated theoretical values are presented in Table 5-7. The modulus fell within the 
theoretical upper and lower limits for 10 and 20 wt% WF. However, the experimental values were 
lower than the lower limits the composites with WF content of 30 wt% or higher and the deviation 
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progressed with higher wood content. With a larger interfacial surface area, the effect of interfacial 
bonding was more severe in composites with higher wood content. The imperfect bonding between 
the fibres and matrix caused the deviation from the theoretical lower limit, which aligned with the 
proposed mechanism based on the observation from mechanical strength as state above.  
Table 5-7 Theoretical lower and upper limits of tensile modulus of PHBV/WF composites with 
different wood content using the “rule of mixtures’ theory 
Wood 
content 
(wt%) 
Tensile modulus (GPa) 
Theoretical lower 
limit 
Theoretical upper 
limit 
Experimental 
10% 3.01 3.55 3.37 
20% 3.28 4.32 4.08 
30% 3.60 5.07 3.21 
40% 3.98 5.82 3.95 
50% 4.44 6.55 4.27 
60% 5.01 7.28 3.70 
 
 
Figure 5-4 Tensile strength and modulus (a), tensile strain at break (b) of PHBV/WF composites 
with different wood content using the new routine ASTM D638 standard 
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 Chapter summary 
Overall, the chosen extrusion screw speeds had a minimal effect on the composites’ mechanical 
properties. Thus, based on these results and from the literature, the extruder temperature profile with 
a maximum temperature of 180○C was determined to be the best to obtain a melt of PHBV and 
minimise thermal degradation. Theoretically, a longer residence time at elevated temperature is more 
prone to thermal degradation [Peterson et al., 2002]. Higher screw speeds lead to shorter residence 
time and potentially better mixing [Yeh & Gupta, 2008]. An extruder screw speed of 100 rpm was 
therefore also chosen. The development of the optimised extrusion processing. The as-optimised 
processing parameters resulted in a routine extruder processing set-up to be used for producing 
biocomposite samples throughout the thesis. 
Without functionalisation, the as-optimised extrusion processing was capable of producing 
composites with up to 60 wt% of wood although these have lower mechanical performance. The 
reinforcing effect of WF was seen from an improvement in stiffness. However, the mechanical 
strengths decreased with increasing wood content. Based on the above results, 50 wt% of WF, which 
is comparable to most commercial WPCs, was chosen to be the best formulation for this PHBV/WF 
system. The use of compatibilisation techniques and additives could potentially improve these 
mechanical properties at higher wood loadings and produce a commercially-competitive composite 
material, which led to the study in chapter 6 on understanding the fundamental knowledge of the 
effectiveness of such techniques in the PHA/wood composite system 
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 Fundamental Knowledge of the 
Effectiveness of Compatibilisers and Additives 
on the Properties of PHA/WF Composites 
This chapter includes a modified version of paper entitled “Processing and characterisation of 
PHA-based wood plastic composites: effect of non-reactive additives”, a portion of the paper 
entitled “Mechanical performance and long-term indoor stability of polyhydroxyalkanoate (PHA)-
based wood plastic composites (WPCs) modified by non-reactive additives” and the whole journal 
paper entitled “Mechanical properties of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/WF 
composites: Effect of interface modifiers”. 
Reference: 
Chan, C., Vandi, L-J., Pratt, S., Halley P., Richardson, D., Werker, A., Laycock, B. (2016). 
Processing and characterisation of polyhydroxyalkanoate (PHA)-based wood plastic composites: 
effect of non-reactive additives. APPITA Journal, 69(4), 352-360 
My contribution towards this publication includes experimental design and setup, materials 
characterisation and data interpretations. The paper was solely drafted by myself under the 
guidance of my supervisors (co-authors). 
Chan, C., Vandi, L-J., Pratt, S., Halley P., Richardson, D., Werker, A., Laycock, B. (2018). 
Mechanical performance and long-term indoor stability of polyhydroxyalkanoate (PHA)-based 
wood plastic composites (WPCs) modified by non-reactive additives. European Polymer Journal. 
98, 337-346 
I participated substantially in the design of the experiment, the manufacturing of the composites 
and the characterisation of thermal and mechanical properties, imaging of the as-produced samples, 
as well as towards the interpretation of the results, and the development of the mechanism under 
supervision from fellow co-authors. I solely drafted the whole paper where the co-authors involve 
mostly during the critical revision process. 
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Chan, C., Vandi, L-J., Pratt, S., Halley P., Richardson, D., Werker, A., Laycock, B. (2018). 
Mechanical properties of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/WF composites: 
Effect of interface modifiers. Journal of Applied Polymer Science, 135(43), 46628 
I contributed substantially in every elements of this journal paper including the conception of this 
experiment, the selection of compatibilisers, materials processing and characterisation and data 
interpretation, seeking advice from my supervisors (co-authors). I also prepared the manuscript and 
went through multiple internal revision among the co-authors.  
 
As a logical next step after establishing the optimised processing method of PHBV/WF composites 
in chapter 5, the optimisation of mechanical properties through other non-processing related methods 
such as chemical compatibilisers and non-reactive additives was performed in this chapter, addressing 
RO2. This chapter was presented in two parts (chapters 6.1 and 6.2). The first part of this chapter 
presented a study on the effect of three compatibilisation techniques including the silicone treatment 
of the WF using Sigmacote, MA-grafting of the PHBV matrix, and the addition of pMDI to a wood-
PHBV mixture using reactive extrusion on the mechanical properties of PHBV/WF composites. Their 
impact on composites’ properties and interfacial interactions were investigated. 
The second part aimed to understand the effect of non-reactive additives, boron nitride (a nucleating 
agent) and talc (an inorganic filler), on the morphology and properties of PHBV/WF composites. 
Detailed analyses of the thermal properties, isothermal crystallisation behaviour and micro-structure 
were performed in order to understand their relationship with the mechanical properties of the 
composite. The study of the effect of additives were extended to the indoor stability of the composites 
and is explored in chapter 8.1.  
The major outcomes of this chapter are: 
 The prototype PHBV/WF composite has already achieved good interfacial interactions 
without compatibilisation when compared to other composite systems.  
 Compatibilisation did not take place in isolation of other factors such as thermal degradation 
and presence of voids that can remove any benefits gained from compatibilisation.  
 Boron Nitride (BN) and talc increased the rate of crystallisation of the wood-PHBV 
composites but rate of crystallisation had no effect on mechanical properties. 
 The addition of 5 and 10 wt% of talc offered complementary space-filling morphology and 
improves composite stiffness.  
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 The chosen compatibilisation techniques including silicone fibre treatment with Sigmacote, 
MA-grafted PHBV and pMDI were not effective in enhancing the mechanical performance 
of the prototype PHBV/WF composites when compred to the use of non-reactive additives 
such as talc and process optimisation. 
 Effect of compatibilisers on the composites’ properties  
 Introduction 
Improving interfacial adhesion through the addition of compatibilisers is known to be the most 
effective mean to improve the performance of composites. For WPCs, the two strategies are to reduce 
the hydrophilicity of wood, and/or to establish chemical bonding between the wood and polymer 
matrix. Compatibilisation techniques are categorised as fibre modifications, matrix modifications, 
and establishment of interfacial linkage [George et al., 2001; Kalia et al., 2009]. Examples of fibre 
modifications include surface fibrillation, alkali and thermal pretreatments, acetylation, and 
silanisation; a common matrix modification is maleic anhydride (MA) graft copolymerisation; and 
establishment of interfacial linkages can be achieved through the addition of isocyanate-based 
coupling agents.  
Silanisation reduces the hydrophilicity of WF by attaching the central silicon to the WF, thus 
improving the interaction to hydrophobic PHBV [Xie et al., 2010]. The effects of silane on the 
properties of oak WF [Srubar et al., 2012b], and pulp fibre [Ren et al., 2015] PHA-based composites 
have been studied, but results have been with contradictory outcomes. One study showed 
improvements in composite stiffness and strength when a silane coupling agent was used [Srubar et 
al., 2012b] while another study found decreases in tensile and impact strength [Ren et al., 2015]. 
MA-grafted PHBV is not only able to wet and disperse the wood fibre efficiently in the matrix but 
also able to form an adhesive bridge between maleic anhydride and the hydroxyl (OH) groups of 
wood [Kazayawoko et al., 1999]. The physical and mechanical impacts of MA grafting on the 
properties of oak WF/PHBV with up to 60 wt% of WF and up to 4% MA-PHBV [Srubar et al., 2012b] 
and pine WF/P(3HB) with up to 40 wt% of WF and 2% MA-P(3HB) [Anderson et al., 2013] 
composites have also been investigated. The studies concluded that the MA-functionalised PHA 
improved the interfacial adhesion and thus benefited the composite mechanical properties.  
With regard to establishing interfacial linkages, polymethylene-diphenyl-diisocyanate (pMDI) 
[Anderson et al., 2013], with up to 4 wt%, has been shown to improve in composite strength 
[Anderson et al., 2013; Ren et al., 2015], and stiffness [Anderson et al., 2013]. The highly reactive 
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isocyanate groups in pMDI are able to react with both the OH groups of wood and the polymer matrix 
forming a covalent link between the two [Gironès et al., 2007]. 
To date, almost all the PHA/wood composites mentioned in the literature contained relatively lower 
fibre contents (< 40 wt%) than the commercial WPCs (50 – 75 wt%). There are several exceptions, 
including the study of grounded olive stone/PHBV composites, where the wood content was up to 70 
wt% [Dufresne et al., 2003], and the study of P(3HB)/pine WF composites where the wood content 
was up to 60 wt% [Anderson et al., 2013]. However, the composite materials of the former study 
were processed using Brabender mixing followed by compression moulding and the latter was 
focused on a neat P(3HB) matrix. Experience with less crystalline copolymer blends of PHBV was 
lacking in the research literature. The properties of PHBV/wood composites by extrusion with wood 
reinforcement which are relevant to benchmark against comparable and currently commercial WPCs. 
In most of the literature, the improvements in interfacial adhesion were characterised by a reduction 
in the amount of voids and the presence of fibre pull-out from the SEM images of fractured surfaces 
[Anderson et al., 2013; Avella et al., 2007; Gregorova et al., 2009; Jiang et al., 2008; Ren et al., 2015; 
Shibata et al., 2002; Wong et al., 2004]. However, the conclusions drawn in this way were with 
uncertainty to performance in practice because of the limited areas studied and because such analysis 
is not a quantitative measurement of adhesion. Therefore, a quantitative characterisation of binding 
was considered to be of greater applicability towards understanding the relationships between 
interfacial adhesion and the mechanical properties of WPCs. 
In the present work, pine WF/PHBV composites with a similar reinforcement content to that of 
commercial PP WPCs and PE WPCs for decking applications were prepared using a single-step 
extrusion process. The objective of this investigation was to achieve an improvement in the 
interfacial, physical and mechanical properties of WF/PHBV composites by the application of 
selected compatibilisation techniques. The benchmarked material properties include tensile properties 
and Charpy impact strengths. A quantitative characterisation of interfacial adhesion was made based 
on an established model.  
The compatibilisers used in this chapter were carefully chosen to make specific to the PHBV/WF 
system. The chosen compatibilisers aimed to improve the load transfer efficiency across the interface 
through three different angle: First, to increase the hydrophilicity of PHBV (Maleic anhydride 
grafting onto PHBV); Second, to increase the hydrophobicity of wood (silanisation of the WF using 
Sigmacote (a commercial agent predominantly used for modifying glass surfaces)); third, to establish 
interactions between wood and PHA (the addition of polymethylene-diphenyl-diisocyanate (pMDI)). 
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Two different modifiers loadings, 2 and 4 wt%, were selected based on the literature and on cost-
effectiveness. Anderson et al. (PHA) [Anderson et al., 2013] Lai et al. (PP, HDPE) [Lai et al., 2003] 
and Lu et al. (HDPE) [Lu et al., 2005] reported that the tensile modulus and tensile strength increased 
when the interfacial modifiers content increased from 0 to 4 wt% but stabilised or decreased when it 
was above 4 wt% (up to 10 wt%). Given that the interfacial modifiers have a higher cost than the 
main ingredients (PHA and wood) and this study is focused on achieving mechanical improvement 
with minimal content of interfacial modifiers, an interfacial modifier content of less than 4 wt% was 
chosen. 
 Experimental procedure 
 Materials 
The TianAn PHBV and WF as describe in chapter 4.1 were used in this chapter. The three 
compatibilisers chosen in this study were Sigmacote®, maleic anhydride (MA) and polymethylene-
diphenyl-diisocyanate (pMDI). Sigmacote® (a solution of chlorinated organopolysiloxane in 
heptane), the reagents used for MA grafting, MA and dicumyl peroxide (initiator), and pMDI (average 
molecular weight of ~340 kDa) were all obtained from Sigma-Aldrich and used as-is.  
 Fibre and Polymer Modifications 
Polysiloxane fibre treatment 
Before treatment, WF was dried in a vacuum oven at 105○C for at least 24 h. The dried WF (150 g 
per batch) was first suspended in hexane at a ratio of 600 mL per 150 g. 60 mL of Sigmacote® 
solution in heptane was then added to the suspension. The suspension was then mixed for 30 min 
using a Homemaker double-blade kitchen stick mixer at 100 rpm for 10 min. After this, the suspension 
was allowed to air dry in a hood to allow the evaporation of solvent. The siloxane-treated fibres were 
then rinsed with water and dried in a vacuum oven at 105○C and -80 kPa gauge for 24 h before 
compounding.  
Maleic anhydride grafting via reactive extrusion 
MA was grafted onto the PHBV matrix via reactive extrusion with a twin-screw extruder using a 
modified procedure adapted from Srubar et al. [Srubar et al., 2012b]. A dry blend of PHBV, MA (10 
wt% of PHBV) and dicumyl peroxide (DCP) (0.75 wt% of PHBV) was fed through the hopper at a 
rate of 40 rpm. The reactive extrusion was performed at a maximum barrel temperature and screw 
speed of 165○C and 20 rpm respectively, which corresponded to a residence time of ~4 min. During 
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extrusion, a nitrogen gas purge was implemented to prevent any side reactions from occurring 
between MA and atmospheric moisture. The extruded strands were pelletised and the excess 
unreacted MA was removed by drying in a vacuum oven at 105○C and -80 kPa gauge for 24 h.  
Composite reactive extrusion with pMDI 
The crosslinking of wood and PHBV using pMDI was performed via reactive extrusion using a 
modified extrusion set-up. The liquid pMDI was injected using a stainless-steel syringe at the middle 
of the full extruder length and the extruder was kept under a nitrogen gas purge. In addition, unlike 
the above extruder set-up, a total of 2 mixing zones (one with 7x60o and 5x30o and the other with 
3x60o and 5x30o kneading blocks) were placed after the injection point to facilitate functionalisation 
but introduced higher shear. Due to the constraint of the syringe injection speed, the extrusion was 
run at a screw speed of 50 rpm, which corresponded to a residence time of ~3 min. The same 
temperature profile and die configuration were implemented. A control sample without any 
compatibilisers was extruded (control (high shear)) to take account of the different processing 
methods.  
 Extrusion processing 
To compare the effect of different compatibilisers, composites were prepared, using the same 
extrusion set-up as described in chapter 4.2.1, with various quantities of the five constituents: PHBV, 
untreated WF, siloxane-treated WF, MA-PHBV and pMDI. The formulations with associated sample 
identification are summarised in Table 6-1.  
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Table 6-1 Formulations of PHBV/wood composites with different compatibilisers produced using 
two different extruder configurations including low shear, which consists of forward conveying 
elements only and high shear, which contains a total of 2 mixing zones (PHBV: Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate); WF: WF; MA-PHBV: Maleic anhydride grafted PHBV; 
pMDI: Polymethylene-diphenyl-diisocyanate) 
Sample 
identification 
PHBV 
(wt%) 
Untreated 
WF  
(wt%) 
Sigmacote 
WF  
(wt%) 
Ground 
MA-PHBV 
(wt%) 
pMDI 
(wt%) 
Control 
(low shear) 
50 50 - - - 
Sigmacote WF 
(low shear) 
50 - 50 - - 
2%MA-PHBV 
(low shear) 
49 49 - 2 - 
4%MA-PHBV 
(low shear) 
48 48 - 4 - 
Control 
(high shear) 
50 50 - - - 
2%pMDI 
(high shear) 
49 49 - - 2 
4%pMDI 
(high shear) 
48 48 - - 4 
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 Characterisation methods 
Nuclear magnetic resonance (NMR) 
13C 1D NMR spectra of PHBV and MA-PHBV were acquired following the procedure as described 
in 4.2.6 to confirm the chemistry of the maleic anhydride grafting.  
X-ray photoelectron spectroscopy (XPS) 
The Sigmacote® treated WF, MA-grafted PHBV and the pMDI crosslinked composite were analysed 
using XPS. Prior to analysis, the samples were dried in a vacuum oven at 105○C for 24 hours. XPS 
data was obtained using a Kratos Axis ULTRA X-Ray photoelectron spectrometer that uses 
monochromatic Al Kα x-rays (1486.6 eV) at 150 W from 45o to the sample surface. The analysis was 
started with a survey scan over a binding energy range of 0 to 1200 eV with 1.0 eV steps and a dwell 
time of 100 ms. Higher resolution scans were done over areas of interest with 0.05 eV steps and a 
dwell time of 100 ms. Raw data was processed using the CasaXPS software.  
Contact angle analysis 
The as-received PHBV powder and the extruded MA-PHBV pellets were first hot pressed into 1-mm 
thick sheets using the Carver hydraulic hot press at 180○C under a force of 10 U.S. ton for 2 min. 
They were then laser cut into discs with a diameter of 25 mm before rheological analysis. The sessile 
drop method was applied to determine the water contact angle of hot-melt pressed PHBV and MA-
PHBV samples. The advancing contact angle was determined on a 5 μL drop of Milli-Q water and 
after each delivery of 5 μL drop until a total of 20 μL was achieved. The receding contact angle was 
measured after 5 μL of Milli-Q water was withdrawn from a 25 μL drop and after each retraction of 
5 μL until a total of 5 μL was achieved. Three different spots on three different replica samples were 
analysed for each sample.  
Composite characterisation 
The tensile and unnotched Charpy impact properties of the resulting composites were characterised 
according to the procedure as-described in chapter 4.2.8. The molecular weight of the PHBV before 
and after extrusion were analysed using GPC, procedure described in chapter 4.2.5 to assess the 
thermal degradation of the materials through processing.  
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 Results and discussion 
 Characterisation of functionalised materials 
Surface chemistry of MA modified PHBV and Sigmacote® treated WF 
XPS was used to confirm the functionalisation of PHBV and WF following treatment with Signacote, 
mathacrylic acid or pMDI. The surface elemental compositions of the materials before and after 
treatment were summarised in Table 6-2. MA-PHBV had a higher O-to-C ratio than untreated PHBV. 
This is an indication of maleic anhydride, which has a higher O-to-C ratio than PHBV, grafting onto 
the PHBV surface. Other evidence was the observation of a weak broad peak at 538 eV from a high 
resolution carbon scan of MA-PHBV (Figure 6-1a and b) that indicated the presence of cyclic C 
elements from the maleic anhydride at low concentration.  
Traces of Si atoms were detected from the Sigmacote-treated WF compared to none in untreated WF 
(Figure 6-1c and d). This is an indication that the organopolysiloxane in Sigmacote® was successfully 
grafted or coated onto the WF, albeit not to a very high level. 
Table 6-2 Elemental composition of the surface of as-received and functionalised PHBV and WF by 
low-resolution XPS survey scans 
Sample Elemental composition (%) O/C ratio 
C1s O1s Si2p 
PHBV 71.7 26.7 0.2 0.37 
MA-PHBV 70.9 28.9 0.2 0.41 
Untreated WF 77.4 22.6 -- 0.29 
Sigmacote WF 69.4 29.3 1.3 0.42 
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Figure 6-1 High-resolution XPS C 1s spectrum for (a) as-received PHBV and (b) MA-PHBV; low-
resolution survey XPS spectrum for (c) as-received WF and (d) Sigmacote-treated WF 
To further identify the chemical reaction between MA and PHBV, 13C-NMR spectra for neat PHBV 
and MA-PHBV were acquired. Figure 6-2 shows the 13C-NMR spectra (ppm) for neat PHBV and 
MA-PHBV. When comparing between both spectra, additional peaks, which are relatively smaller 
than the peaks associated with PHBV, in the MA-PHBV spectrum were observed at 22.6 ppm, 43.4 
ppm, 64.6 ppm, 128.6 ppm and 172.2 ppm. It is interpreted that some of the PHBV peaks were shifted 
due to the local interactions with the grafted MA. Previous literature has noted that when maleic 
anhydride is grafted to tertiary radical site on the PHBV backbone, it loses its double bond 
[Montanheiro et al., 2016; Thellen et al., 2013]. The signature peaks for the grafting are the tertiary 
carbons between the PHBV chain and the MA (labelled as 1 and 2 in Figure 6-2 respectively). The 
observed peaks at 43.4 and 64.6 ppm were attributed to the tertiary carbons of the grafted succinic 
anhydride ring and the tertiary carbon on the PHBV backbone [Thellen et al., 2013]. Moreover, the 
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peak at 172.2 ppm matched with that of the carbonyl groups (labelled as 3 in Figure 6-2) of the model 
compound succinic anhydride [Thellen et al., 2013]. Therefore, it was concluded that the NMR results 
demonstrated successful MA grafting onto PHBV. Apart from that, there were some additional peaks 
at 22.6 and 128.6 ppm in the MA-PHBV spectrum that were not observed in the neat PHBV spectrum. 
They are most likely due to the residual dicumyl peroxide or other thermal degradation products. 
However, no direct evidence was found to support that.  
 
 
Figure 6-2 1D 13C-NMR spectra of (a) PHBV and (b) MA-PHBV in CDCl3 
Chemistry of the pMDI crosslinked composite 
The surface chemistry of the cross-section of the control and the pMDI (2 and 4 wt%) crosslinked 
composites were analysed using XPS. The elemental compositions from the survey scans are 
presented in Table 6-3. Major constituents in the composites are carbon and oxygen, which are from 
the PHBV chains and WF. Some other elements including Si, Ca and S were also detected which 
could be due to contamination from the extrusion process. The nitrogen level is below the detection 
limit for the crosslinked composite with 2% pMDI. It could be because of the low pMDI concentration 
level on the detected surface. On the other hand, a clear nitrogen peak at around 400 eV was observed 
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from the composite with 4% pMDI. By fitting the curve of the high-resolution scan across the nitrogen 
region as shown in Figure 6-3, two peaks were identified at 400.2 and 401.8 eV which refer to 
urethane nitrogen and nitrogen cations, respectively [Chen et al., 2015; Mazzotta et al., 2015]. These 
results supported the crosslinking of the composites through the formation of amine groups from the 
reaction of the isocyanate groups in pMDI and the hydroxyl groups in WF and chain ends of PHBV.  
Table 6-3 Elemental composition of the cross-section of the control and pMDI crosslinked 
composites by low-resolution XPS survey scans 
Sample Elemental composition (%) 
C1s O1s N1s Other elements 
(Si, Ca, S) 
Control 71.5 27.3 -- 1.2 
2%pMDI 73.5 25.2 -- 1.3 
4%pMDI 72.4 25.4 1.1 1.1 
 
 
Figure 6-3 High-resolution XPS N 1s spectrum for composite crosslinked by 4 wt% pMDI 
Surface properties of MA modified PHBV 
Water contact angle analysis could not be performed on WF nor composite samples because of the 
hygroscopic nature of wood. The water droplets were absorbed immediately when in contact with 
WF. The water contact angle values for PHBV and MA-PHBV surfaces are given in Table 6-4. The 
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advancing angle of MA-PHBV was 15o ± 5o lower than that of un-modified PHBV. The grafting of 
MA groups thus increased the hydrophilicity of the PHBV matrix, which could potentially promote 
interactions between the WF and the matrix. The unmodified PHBV matrix also showed a higher 
contact angle hysteresis compared to the MA-modified sample. Such hysteresis could be associated 
to the roughness and chemical heterogeneities of the unmodified PHBV matrix [Extrand, 2004].  
Table 6-4 Water contact angles and hysteresis of PHBV and MA-PHBV surfaces 
 Advancing angle (θA) Final receding angle (θR) Hysteresis, θA – θR 
PHBV 93o ± 3o 44o ± 8o 48o ± 9o 
MA-PHBV 78o ± 5o 58o ± 4o 21o ± 6o 
 
 Composite tensile properties 
Figure 6-4a-c provides the tensile strength, Young’s modulus and strain at break of all composites 
with different compatibilisation techniques. Data are presented as box plots indicating the maximum, 
3rd quartile, median, 1st quartile and minimum value among ten duplicates. The mean values are noted 
in text to the right of each box plot. 
Effect of processing method 
By comparing the tensile properties between the PHBV/WF composites prepared using low and high 
shear extrusion profile, as shown in Figure 6-4a-c, it can be seen that the tensile strength decreased 
from 23.8 ± 0.5 MPa (mean ± 95% confidence interval) to 14.4 ± 1.1 MPa and the strain at break 
decreased from 1.2 ± 0.2% to 0.6 ± 0.2% when higher degree of mixing was involved, which has also 
been observed in the literature when processing composites with thermally-sensitive polymers such 
as PHA [Peterson et al., 2002]. The added mixing elements and lower screw speed resulted in excess 
shear and longer residence time. As a result, the observed deterioration in mechanical strength and 
brittleness could be associated with the thermal degradation of PHBV chains through random chain 
scissioning as evident by the molecular weight analysis. The weight-average molecular weight (𝑀𝑤̅̅ ̅̅̅) 
of the as-received PHBV is 700 kDa. The 𝑀𝑤̅̅ ̅̅̅ of the PHBV in the extruded composites with standard 
extruder set-up obtained from GPC was 610 kDa compared to 120 kDa from the extruder set-up with 
the higher shear. Similar trends were also observed from neat PHBV such that the 𝑀𝑤̅̅ ̅̅̅ of neat PHBV 
using the standard set-up, 696 kDa, is higher than that of higher shear set-up, 458 kDa but there is no 
significant difference in mechanical strength (30 MPa). The PHBV matrix has been shown to retain 
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mechanical strength until the 𝑀𝑤̅̅ ̅̅̅ is lower than 134 kDa [Luo et al., 2002b]. The molecular weight 
data provided evidence of the thermal degradation of PHBV when exposed to higher shear from both 
the mixing zones and the roughness of wood and elevated temperature. However, such thermal 
degradation had no effect on the tensile modulus of the composite.  
Effect of compatibilisation techniques 
The use of Sigmacote WF resulted in a reduction of the tensile strength of the composites but had no 
significant effects on the tensile modulus and strain at break. The siloxane functionalisation of wood 
was intended to reduce the hydrophilicity of wood. Instead, it appeared that the Sigmacote did not 
reduce the hydrophilicity but rather decreased the functionality of the WF to interact with the PHBV 
matrix based on the interpretation from the loss of mechanical properties. A possible explanation is 
that the polysiloxane groups on the wood surface had limited interaction with the PHBV matrix due 
to the reduced functionality such as the hydroxyl and carboxylic acid groups and formed a weak 
interface. The composite with Sigmacote WF thus failed along the interface network at a lower 
loading when compared to that without compatibilisation. Thus, the crack could propagate along the 
interface, causing fibre pullouts during deformation and resulted in a decrease in tensile strength. 
As shown in Figure 6-4a, the addition of MA-grafted PHBV improved the mechanical strength of the 
composites, slightly but statistically significantly (95% confidence, p<0.05), independent of loading. 
MA grafting increased the functionality of the polymer chains aiming for more interactions with the 
wood through hydrogen bonding. The more hydrophilic MA-PHBV surface, as determined from 
contact angle analysis, could improve the interfacial interactions between the matrix and the WF, thus 
enabling the composite to bear a higher loading before failure. Similar finding of marginal strength 
improvement was reported by An and Ma on PHA/wood composites [An & Ma, 2017]. On the other 
hand, there were no significant differences between the tensile modulus and the strain at break of the 
composites with 0, 2 and 4 wt% of MA-PHBV. The enhanced mechanical performance following 
MA grafting was only reflected in the improvement in tensile strength. It is suspected that the strain 
at break was limited by the rigid nature of WF. The 50 wt% composite would likely remain brittle 
even if an ideal interface was achieved.  
The effect of pMDI was determined by comparing the mechanical properties of the composite 
extruded using the configuration with a higher shear (shaded boxes in Figure 6-4a – c). The addition 
of 2 wt% of pMDI improved the composite strength from 14.4 ± 1.1 MPa to 17.9 ± 0.9 MPa but had 
no significant effect on tensile modulus and strain at break. When the loading was increased to 4 wt%, 
however, the composite lost strength and strain at break while the stiffness remained the same. 
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Contradictory results were observed from a study on PHB/ponderosa pine WF composites where the 
tensile strength and modulus increased with increasing pMDI content [Anderson et al., 2013]. It is 
suspected that the more concentrated pMDI solutions were prone to reacting with trapped moisture, 
producing CO2 [Paris & Kamke, 2015]. Thus, voids and porosity could be formed within the matrix 
leading to a worsened strength and strain at break. Other studies have also reported the deterioration 
of the mechanical properties of wood plastic composites when the content of the isocyanate-based 
compatibiliser exceeded a certain value [Guo et al., 2013; Pickering & Ji, 2004]. The formation of an 
interfacial layer from the reaction of the excess isocyanate groups was proposed to explain the result 
[Chan et al., 2018a; Guo et al., 2013]. Clean chemistry from the reaction between WF and pMDI, and 
between the PHBV chain ends and pMDI aimed to establish chemical bonding between them. It could 
also improve the hydrophobicity of the WF. The additional chemical bonding could provide strong 
physical linkage between WF and PHBV through pMDI. However, the low density of polymer chain 
ends limited the effectiveness of this technique. Instead, the observed enhanced mechanical strength 
was brought about through the reduction in hydrophilicity of WF. The pMDI study was not extended 
to the use of a less aggressive mixing approach given that it requires extensive optimisation and the 
observed mechanical improvement was not very promising.  
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Figure 6-4 (a) Tensile strength, (b) modulus and (c) strain at break of PHBV/WF composites 
prepared using different compatibilisation techniques. Data are presented as box plots indicating the 
maximum, 3rd quartile, median, 1st quartile and minimum value among ten duplicates. The mean 
values are noted in text to the right of each box plot. 
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 Composite impact properties 
Effect of processing method 
As can be seen in Figure 6-5, the impact strength of the composite decreased from 4.0 ± 0.4 MPa to 
2.2 ± 0.2 MPa when processed using a more aggressive configuration. As discussed in chapter 6.1.3.2, 
the PHBV matrix was interpreted to have lost its strength due to thermal degradation. This also 
affected the impact properties, since with shorter chains and less entanglement, less energy could be 
absorbed before fracture.  
Effect of compatibilisation techniques 
The incorporation of Sigmacote-treated WF had no effect on the impact strength of the composite. 
However, the addition of MA-PHBV, independent of loading, improved the impact strength of the 
composite slightly but not statistically significant (p>0.05). Such results were consistent with the 
observed impovement in tensile strength that benefits from the improved interfacial interactions. 
However, the strength improvement observed using pMDI was not reflected here in impact strength: 
the addition of pMDI, both at 2 and 4 wt%, had no effect on the impact strength of the composite. 
Overall, the body of mechanical property measurements indicated that compatibilisation methods 
may not influence the wood polymer interface in isolation of all other factors that may influence 
material mechanical properties concurrently. 
 
Figure 6-5 Unnotched Charpy impact strength of PHBV/WF composites prepared using different 
compatibilisation techniques. Data are presented as box plots indicating the maximum, 3rd quartile, 
median, 1st quartile and minimum value among ten duplicates. The mean values are noted in text to 
the right of each box plot. 
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 Model for interfacial adhesion 
A model has been developed by Pukanszky et al. and used in the wood plastic composites field to 
quantitatively express the reinforcing effect of the reinforcement by correlating the tensile strength 
with the composition of reinforcement [Faludi et al., 2013; Pukánszky, 1990; Renner et al., 2010]. 
Due to the increased interfacial surface area and the high probability of the presence of defects, the 
tensile strength often decreases with increasing wood reinforcement content [Chan et al., 2018a]. The 
tensile strength of the composite can thus be expressed by the tensile strength of the composite and 
the volume fraction of the reinforcement as follows [Pukánszky, 1990]: 
𝜎 = 𝜎0
1 − 𝜑
1 + 2.5𝜑
exp(𝐵𝜑) 
where 𝜎 and 𝜎0 are the tensile strengths of the composite and the matrix respectively, 𝜑 is the volume 
fraction of wood in the composite and B is a parameter that describes the interfacial interaction. The 
above equation can be rearranged in linear form:  
ln (
𝜎(1 + 2.5𝜑)
𝜎0(1 − 𝜑)
) = ln (𝜎𝑟𝑒𝑑) = 𝐵𝜑 
A plot of the natural logarithm of reduced tensile strength (ln (𝜎𝑟𝑒𝑑)) against the volume fraction of 
WF (𝜑) should give a linear line with a slope value (B) that is proportional to the reinforcing effect 
from the interfacial interactions. The value of parameter B has been shown to be increased by ~0.3 
when an imide-based coupling agent was added to PLA/wood composites [Faludi et al., 2013].  
Extrusion runs at different wood contents were conducted on samples produced by using the set-up 
with minimal mixing zones. A plot of 𝑙𝑛 (𝜎𝑟𝑒𝑑) against 𝜑 is presented in Figure 6-6. All sample sets 
resulted in a linear correlation with R-square values > 0.99 (Table 6-5) with a slope that is proportional 
to the matrix-filler interfacial interactions. The slope (parameter B) values are summarised in Table 
6-5. As expected from the observed mechanical results, the value of parameter B dropped when 
Sigmacote-treated WF was used as a reinforcement. This implied that the siloxane-grafted WF 
provides a weaker interaction with PHBV than that with the as-received WF. This result supports the 
hypothesis that the Sigmacote introduces a masking effect on the WF surface and forms a weak 
interface. On the other hand, I observed a very marginal increase in parameter B from the addition of 
MA-PHBV. The addition of MA-PHBV was not efficient in improving the interfacial interaction in 
this PHBV/WF composite system when compared to the PP/WF system where the B-value increased 
by a factor of 2 when MAPP was added [Renner et al., 2010].  
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The value of parameter B of PHBV/WF without compatibilisation (2.64) was higher than that of 
PLA- (2.23) [Faludi et al., 2014] and PP- (2.59) based composites [Renner et al., 2010] with softWF 
of a particle size of 210 µm as the reinforcement. The modelling results suggested that good interfacial 
interactions have already been achieved in the PHBV/radiata pine WF system without the 
compatibilisation treatments that were used for the present study. The ester groups along the PHA 
chains could interact with wood surfaces through hydrogen bonding, thus providing a relatively 
stronger interfacial interactions than with PP or PE. With the absence of functional groups, the 
conventional compatibilisation techniques that are effective in PP- or PE-based WPCs may not be as 
effective as in PHA-based WPCs.  
 
Figure 6-6 A plot of the natural logarithm of reduced tensile strength (ln (𝜎𝑟𝑒𝑑)) against the volume 
fraction of WF (𝜑) of PHBV/WF composites (control) and the effect of compatibilisers: Sigmacote 
WF, 2% MA-PHBV and 4% MA-PHBV  
Table 6-5 Effect of compatibilisers on parameter B of PHBV/WF composite 
Sample B value R2 value 
Control 2.64 0.992 
Sigmacote WF 2.20 0.997 
2% MA-PHBV 2.68 0.991 
4% MA-PHBV 2.68 0.994 
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 Chapter summary 
In this study, the effects of different compatibilisation techniques including the silicone treatment of 
the WF using Sigmacote, MA-grafting of the PHBV matrix, and the addition of pMDI to a wood-
PHA mixture using reactive extrusion on the mechanical properties of PHBV/WF composites were 
investigated. Sigmacote treatment had a detrimental effect on the composite mechanical properties. 
The addition of MA-PHBV, independent of loading, provided a slight increase in tensile strength and 
impact strength of the resulting MA-PHBV/WF composite. This suggested that the MA-grafting of 
PHBV prior to extrusion increased the hydrophillicity of the PHBV matrix which was then interpreted 
to be more compatible with WF. An alternate processing method with more aggressive heat and shear 
was used to produce composites crosslinked with pMDI. Results showed that the addition of 2 wt% 
of pMDI improved the tensile strength of the composite but this then decreased when the loading was 
increased to 4 wt%. However, expected benefits of compatibilisers were outweighed when compared 
to the concurrent detriments to the material properties due to processing. The composite mechanical 
properties deteriorated dramatically when a more aggressive extrusion configuration was used.  
An established model was applied to quantify the interfacial strength of the composites produced 
using the less aggressive processing methods. An interpreted worsened interfacial interaction from 
Sigmacote-treated WF was supported by the results of this analysis, with a lower parameter B being 
obtained. On the other hand, only a marginal improvement in interfacial adhesion was implied for the 
incorporation of MA-PHBV. A lack of response for improvement may be due to that 
compatibilisation did not take place in isolation of other things such as thermal degradation and 
presence of voids that can remove any benefits gained from a better interfacial compatibility between 
the phases. Good interfacial interactions have already been achieved in the PHBV/radiata pine WF 
system without the compatibilisation treatments. The stronger interfacial interactions achieved by the 
hydrogen-bonding facilitated interactions between wood surface and the ester groups along the PHA 
chains can be attributed to the relative strong interface. The chosen compatibilisation techniques were 
not effective in enhancing the mechanical performance of PHBV/WF composites. Therefore, this 
work was extended to investigate the effect of non-reactive additives, which alter the micro-structure 
or crystallisation behaviour, on the composites’ properties. 
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 Effect of non-reactive additives on the composites’ properties 
 Introduction 
Due to the slow crystallisation rate of PHA, nucleating agents are widely used to enhance the 
crystallinity and crystallisation rate and thus improve the properties of the PHA copolymer. Many 
kinds of nucleating agents such as boron nitride (BN) [Kai et al., 2005; Liu et al., 2002], talc [Kai et 
al., 2005; Liu et al., 2002], lignin [Kai et al., 2004], orotic acid [Jacquel et al., 2009] and saccharin 
[Withey & Hay, 1999] have been proposed for PHA. In general, the addition of nucleating agent 
results in an increase in the crystallisation temperature and narrowing of the crystallisation peak 
during non-isothermal melt crystallisation. BN has been shown to be the most effective nucleating 
agent with respect to increasing the crystallisation rate of PHA [Liu et al., 2002]. It has been used in 
both the production of neat PHA polymers, and in wood PHA composites. The addition of BN can 
suppress the fibre-induced heterogeneous nucleation and has been shown to increase the mechanical 
performance of pulp fibre (20 wt%)/PHBV composites [Jiang et al., 2008].  
Talc is a natural mineral with Mg3(Si4O10)-(OH)2 as the unit structure. The low cost and ease to 
process make it a common material in composite applications. Talc alone or in combination with 
other fillers has been commonly used as reinforcement in thermoplastics to improve their melt 
strength, stiffness and hardness [Diez-Gutierez et al., 1999; Huda et al., 2005; Mcinerney et al., 2003]. 
It has also been used as an additive to aid processing [Thompson et al., 2010a] and improve the 
surface quality of the final product [Browning et al., 2006]. As a sub-filler, a PHBV/WF/talc 
60%/20%/20% hybrid composite demonstrated enhanced stiffness and strength when compared to 
PHBV/WF 60%/40% [Singh et al., 2010]. As an additive, 5 wt% of talc was added to every composite 
formulations in a study of compatibilisation in PHB/WF composites in order to improve the water 
resistance and processability [Thompson et al., 2010a]. The impact of talc as additive was not 
exclusively studied.  
Given the attractive impact of talc and BN on composites’ properties, optimisation of PHBV/WF 
composites therefore requires an understanding of the effects of the inclusion of BN and talc on 
properties of such composites produced using extrusion and with wood reinforcement content 
comparable to commercial WPCs. 
In this work, PHBV/WF composites with a similar reinforcement content to that of commercial PP 
and PE WPCs were prepared using a single-step extrusion process. The objective of this study is to 
understand the individual and combination effects of BN and talc on the mechanical properties of 
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PHBV/WF composites. The thermal properties were determined in order to assess the melting and 
crystallisation behaviour of the composites. Furthermore, as an additional goal, the process was scaled 
up to a pilot scale extruder to address the commercialisation potential of such material based on the 
resulting mechanical properties.  
 Experimental procedure 
 Materials 
To compare the effect of different non-reactive additives, composites of TianAn PHBV and WF were 
prepared using two levels of BN (0 and 1 wt%) and three levels of talc (0, 5 and 10 wt%). BN (~1 
µm, 98%) and talc (10 μm) were supplied by Sigma-Aldrich and were used as-received.  
 Extrusion processing 
The optimised extrusion process, which was described in chapter 4.2.1, was used to produce the 
PHBV/50 wt% WF composites with additives for testing. The formulations with associated sample 
identification are summarised in Table 6-6.  
Table 6-6 Composite formulations for the study of the effect of additives (BN and talc) 
Samples PHBV (wt%) WF (wt%) BN (wt%) Talc (wt%) 
PHBV/WF 
(50/50) 
50.0 50.0 -- -- 
5% talc 47.5 47.5 -- 5 
10% talc 45.0 45.0 -- 10 
1% BN 49.5 49.5 1 -- 
1% BN_5% talc 47.0 47.0 1 5 
1% BN_10% talc 44.5 44.5 1 10 
 
 Characterisation methods 
The target properties include tensile (chapter 4.2.8.1) and water absorption (chapter 4.2.9), which are 
important for structural materials like WPCs. DSC was used to determine the thermal properties and 
isothermal crystallisation kinetics analysis was also used to assess the nucleating effect of the 
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additives (chapter 4.2.3). Optical microscopy (chapter 4.2.11) were employed to study the micro-
structure of the cross-sections of the extruded composites. All the details described in chapter 4.2 
apply to this study. 
 Results and discussion 
 Tensile properties  
Figure 6-7 reports the tensile strength, Young’s modulus and strain at break of all composites with 
various compositions of talc and BN. The addition of 5 and 10 wt% of talc resulted in an increase in 
the initial tensile strength of the PHBV/WF (50/50) composite from 22.3 ± 1.3 MPa (mean ± 95% 
confidence interval) to 24.3 ± 0.6 MPa and 24.7 ± 0.9 MPa, respectively. A similar improvement was 
also observed for BN-nucleated composites containing 5 wt% and 10 wt% of talc. The initial tensile 
modulus of PHBV/WF (50/50) composites also increased gradually with an increase in talc content: 
the addition of 5 and 10 wt% improved the tensile modulus from 5.6 ± 0.6 GPa to 6.9 ± 0.4 GPa and 
8.1 ± 0.7 GPa, respectively, thus showing the potential of talc as a modifier for additional 
reinforcement. A similar improvement has been reported in a study on a PHBV composite containing 
40 wt% of maple wood fibre. Substituting the wood fibre with talc improved the modulus by 5% and 
9% at 20 wt% talc (20 wt% wood) and 30 wt% talc (10 wt% wood), respectively [Singh et al., 2010]. 
The differences in particle size between WF and talc provided a wider distribution of particle size, 
allowing the load to be evenly distributed among the reinforcements and thus improving the stiffness 
of composite material [Takayama et al., 2013]. The micron-sized talc can also offer a complementary 
space filling morphology, altering the material deformation mechanisms.  
A similar improvement in modulus was seen in composites containing BN (both alone and with talc). 
However, there was no difference in stiffness for the two different levels of talc tested, with an 
increase from 5.8 ± 0.3 GPa to 7.9 ± 0.7 GPa being observed for both talc contents that were tested.  
Talc and BN had a limited effect on the initial tensile strain at break of PHBV/WF composites. Values 
in the range of 0.6% to 0.8% were observed for all composites. This was expected for composites 
using PHBV with a low 3HV content (~1 mol%) as the matrix, since it was brittle under the 
processing conditions used and without additional modifiers [Luzier, 1992].  
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Figure 6-7 Tensile strength (a), modulus (b) and strain at break (c) of PHBV/WF composites 
modified by BN and talc after 2 weeks (clear boxes). Data are presented as box plots indicating the 
maximum, 3rd quartile, median, 1st quartile and minimum value among ten duplicates. The mean 
values are noted in text to the right of each box plot. 
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 Water absorption 
The water absorption results in Figure 6-8 showed that the inclusion of talc improved the water 
resistance of the composites. Saturation was observed in all samples after 3 weeks of water 
immersion. The total saturated water absorption values achieved was in the range of 15.9 ± 0.7% to 
18.8 ± 0.7%. Wu et al. have presented similar findings in their study of 50 wt% PHB/WF composites 
[Wu, 2006]. Without the addition of BN, a total saturated water absorption of 13 ± 4% was observed 
in composites containing 10 wt% of talc. The inclusion of BN improved the water resistance slightly 
but the improvement was within the margin of error. Wood was the only hydroscopic material in 
these formulations. The saturated water absorption data of each composite was therefore better 
represented as values normalised to wood content. As can be seen in Table 6-7, the values from all 
samples were then within the margin of error, confirming that the wood content is the principal factor 
altering the water resistance of the composites. 
 
Figure 6-8 Effect of additives on water absorption profile of PHBV/wood composites. Error bars 
present the standard deviation of 5 duplicates 
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Table 6-7 Total saturated water absorption through water immersion of PHBV/WF composites 
using different types of additives (data presented as mean ± 95% confidence interval) 
Sample Total saturated water absorption through water 
immersion (%) 
Actual Normalised to wood 
content 
PHBV/WF (50/50) 18.8 ± 0.7 18.8 ± 0.7 
5% talc 17.8 ± 0.3 18.7 ± 0.3 
10% talc 16.3 ± 0.2 18.1 ± 0.2 
1% BN 17.7 ± 1.1 17.9 ± 1.0 
1% BN_5% talc 17.1 ± 0.3 18.2 ± 0.3 
1% BN_10% talc 15.9 ± 0.6 17.9 ± 0.6 
 Composite morphology 
Porosity has been a major challenge for WPCs, as it introduces defects which are known to facilitate 
crack initiation and propagation, thus resulting in poor mechanical properties [Boey & Lye, 1992]. 
Optical microscopy combined with image analysis has been used for porosity evaluations [Singh & 
Mohanty, 2007]. As an example, the original optical microscopy images of polished slices of the 
control and 10 wt% talc composites are presented in Figure 6-9. The images showed the cellular 
structure of larger WF particles and the black regions representing the voids embedded in the matrix. 
The disorder in other regions is brought about by the distribution of small wood particles (< 75 µm) 
in the PHBV matrix. This technique has been previously calibrated against 3D X-Ray tomography, 
which has been used by geology communities for acquiring 3D images [Yun et al., 2013]. Larger 
voids, with a diameter of over 100 µm, were observed in the control composites but not in the 
composites containing 10 wt% of talc. This observation that voids were more prominent in the 
controls can help explain the observed lower mechanical strength and stiffness of the control 
composites.  
The micron-sized talc, with a particle diameter of 10 µm, can fill the voids created between PHBV 
and WF thus minimising the initial defects within the composites. The optical microscopy images 
were simplified to binary black and white using a grey threshold within the image processing 
software. Any regions in the original images other than the black region, which represents the voids, 
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appear white, as shown in Figure 6-9. The void content of individual slices was then calculated by 
dividing the number of black pixels by the total number of pixels, with the average values from 3 
slices being presented in Table 6-8. With the addition of 5 wt% and 10 wt% of talc, the porosity level 
was reduced gradually. This decrease in porosity supported the proposed mechanism for the 
mechanical test trends, i.e. that talc reduces the void content in composites by offering complementary 
space filling morphology.  
 
Figure 6-9 Original (top) and processed binary (bottom) optical microscopy images of PHBV/WF 
(50/50) composite without additives (left) and composite with 10 wt% talc (right). The black spots 
show the voids within the composite matrix. 
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Table 6-8 Estimated porosity content of PHBV/WF (50/50) composite without additives (left) and 
composite with 10 wt% talc (data presented as mean ± 95% confidence interval) 
Sample Estimated porosity content 
(average from 3 slices) 
PHBV/WF (50/50) 3.9 ± 0.3% 
5% talc 2.6 ± 0.9% 
10% talc 1.8 ± 0.4% 
 
 Thermal properties 
The melting and crystallisation behaviours were quantified in order to assess the nucleating effect of 
BN in comparison with talc, with the quantitative data that describes the melting and non-isothermal 
crystallisation behaviour being presented in Table 6-9. The thermal properties of composites before 
and after aging were also characterised.  
It is noted that the Tm and ∆Hm values of PHBV in each composite were similar. Both the addition of 
BN and talc yielded PHBV with a similar fraction of crystals after 2 weeks of conditioned aging. 
Usually, the shift of Tc towards higher temperature indicated that crystallisation is occurring with a 
lower under-cooling energy (driving force) being required [Kai et al., 2005]. The crystallisation rate 
can also be estimated by the difference between the starting and ending temperatures (∆Tc) of the 
crystallisation peak [Liu et al., 2002]. Smaller differences meaned that a shorter time is needed for 
the completion of crystallisation. Composites containing talc had higher Tc and lower ∆Tc values 
when compared to composites without additives. The addition of talc promoted the crystallisation of 
PHBV and this was found to be independent of the concentration of talc. Even higher Tc and lower 
∆Tc values were observed for composites containing 1 wt% of BN. These results suggested that BN 
was a more effective nucleating agent than talc. This agrees with previous studies that BN provided 
the best nucleating effect for PHBV even at a low loading (1 wt%) [Kai et al., 2005; Liu et al., 2002; 
Qian et al., 2007]. The glass transition temperatures (Tg) of the PHBV in the composites were 
unaffected by the inclusion of BN and/or talc.  
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Table 6-9 Quantitative values describing the melting and melt non-isothermal crystallisation 
behaviour of composites after 2 weeks conditioned aging produced using different types of 
additives 
Samples Tm 
(○C) 
∆𝑯𝒎 𝒙𝑷𝑯𝑩𝑽⁄  
(J/g·K) 
Tc 
(○C) 
∆Tc 
(○C) 
Tg 
(○C) 
PHBV/WF (50/50) 167 82 107 18 3.0 
5% talc 168 82 117 10 3.4 
10% talc 167 85 119 10 3.0 
1% BN 168 76 121 9 3.0 
1% BN; 5% talc 168 80 122 9 2.9 
1% BN; 10% talc 168 78 123 9 3.2 
 Isothermal crystallisation kinetics 
Avrami analysis 
Isothermal crystallisation kinetic analyses were performed on the samples after initial aging (i.e. 2 
weeks after extrusion) to compare the nucleating effects of BN and talc. A plot of ln[− ln(1 − 𝑋𝑡)] 
as a function of ln (𝑡) can be used to determine the Avrami exponent, n, and the rate constant, k, that 
quantitatively describe the isothermal crystallisation kinetics. 𝑋𝑡 is the relative crystallinity of the 
samples which is defined as follows:  
𝑋𝑡 = ∫ (𝑑𝐻𝑐 𝑑𝑡⁄ )𝑑𝑡
𝑡
0
∫ (𝑑𝐻𝑐 𝑑𝑡⁄ )𝑑𝑡
∞
0
⁄  
where the first integral is the heat generated from t = 0 to time t, and the second integral is the total 
heat of crystallisation. The temperature ranges over which the isothermal crystallisation of PHBV 
occurred were determined from the observation of crystallisation exotherms, such that the 
crystallisation is initiated after reaching Tc.  
Unlike raw PHBV polymer [Chan et al., 2002] and PHBV/clay composites [Chen et al., 2004], I did 
not observe any deviation from linearity over the Xt range from 0.1 to 0.9. The plot of 
ln[− ln(1 − 𝑋𝑡)] versus ln(𝑡) for all samples had R
2 values of 0.99 or higher within this range. Such 
linearity throughout the crystallinity range can indicate that the crystallisation behaviour was well-
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modelled by the Avrami equation such that secondary crystallisation, which was not accommodated 
by the model, was limited [Laycock, B. et al., 2014]. It is suggested that the presence of WF could 
provide a nucleating effect that supresses the process of secondary crystallisation, which has also 
been reported in the literature [Reinsch & Kelley, 1997]. The Avrami exponent (n) ranges from 1.8 
to 2.7 across all samples with no significant differences between composites with and without 
additives. A general trend of higher n value with decreasing isothermal crystallisation temperature 
(Tc,iso) was observed. n ~ 2 for PHBV corresponds to 2D crystal growth and heterogeneous nucleation 
[Gunaratne & Shanks, 2005]. These values were comparable to those obtained in literature for PHBV 
(< 5 mol% 3HV) [Laycock, Bronwyn et al., 2014b]. 
The values of the rate constant (k) and the experimentally determined inverse half-life (1/t1/2) of 
crystallisation, which is defined as the time required to achieve 50% of the final crystallinity, are 
presented in Figure 6-10. Both parameters indicate that a maximum rate of crystallisation is achieved 
at lower Tc,iso (<120°C). Since the crystallization rate is too fast to measure at the lower temperatures, 
the temperature at which crystallization rate is highest cannot be accurately determined. In agreement 
with the literature [Kai et al., 2005], I observed that PHA containing BN in addition to the wood fibre 
had a higher crystallisation rate constant and a shorter half-life when compared to the control sample 
at the same Tc,iso. This implies that the addition of BN accelerated the crystallisation, although an 
associated improvement in mechanical properties was not observed.  
At the same isothermal crystallisation temperature, BN-containing composites were found to have 
higher rate constants and shorter half-lives than that those containing talc alone, agreeing with the 
literature that BN was the more effective nucleating agent for PHBV [Liu et al., 2002]. A higher 
concentration of talc did still however improve the rate of crystallisation of PHA. This result cannot 
be explained by the packing of crystals since a higher concentration of solid talc should introduce 
obstruction and restrict the mobility of PHBV chains. Instead, talc provided nucleation sites and thus 
promoted crystallisation [Javadi et al., 2010].  
However, any nucleating effect of BN on the PHBV crystalline morphology was not evident in the 
mechanical properties of the composites. Similarly, no further improvement in mechanical properties 
was observed in PHBV/WF composites containing talc. It is likely that the different crystallisation 
rates between samples was offset by an influence of secondary crystallization in the two-week 
conditioned aging prior to any mechanical testing. Any effects due to the initial acceleration of 
crystallisation induced by the presence of BN would likely only have been evident in the first minutes 
or hours after processing. Sufficient time was allowed for the completion of at least the bulk of the 
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crystallisation before testing and therefore it is likely that any initial differences due to increased 
crystallisation rate, smaller spherulites etc. did not translate to differences in the final mechanical 
properties, particularly in the presence of wood particles which can also act as nucleating agents.  
 
Figure 6-10 Avrami k values and inverse half-life as determined experimentally 
Hoffman-Weeks equation 
A study on the melting behaviour after isothermal crystallisation can be used to isolate the 
morphological effects from thermodynamic effects [Laycock, B. et al., 2014]. The equilibrium 
melting point (𝑇𝑚
0 ) and the ratio of final to initial lamellar thickness (𝛾) were determined from the 
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plot of melting temperature (Tm) as a function of isothermal crystallisation temperature (Tc,iso) 
according to the Hoffman-Weeks equation: 
𝑇𝑚 = 𝑇𝑚
0 (1 −
1
𝛾
) +
𝑇𝑐, 𝑖𝑠𝑜
𝛾
 
The results are summarised in Table 6-10. A close to linear fit (r2 ~ 0.96) throughout the temperature 
range was obtained from both the control and the composite containing BN. A 𝑇𝑚
0  of 180○C was 
obtained from the analysis of composite without BN, which falls within the literature range of 176○C 
≤ 𝑇𝑚
0  ≤ 188○C for PHBV (4 mol% 3HV) [Organ, 1993]. Table 6-10 shows that the addition of BN 
delivered a higher 𝑇𝑚
0 , at a value of 188○C, and this implies the presence of more perfect crystals. In 
agreement with literature [Qian et al., 2007], I observed a higher ratio of final to initial lamellar 
thickness and lower 𝑇𝑚
0  from the composite without additives when compared to those containing BN 
and/or talc, thus yielding thicker crystals with less perfection. Similar 𝑇𝑚
0  and 1/𝛾  values were 
obtained in composites containing 1 wt% BN, 5 and 10 wt% of talc or both. The observed difference 
in crystallisation rate between BN and talc was not likely to be due to the morphological effects.  
The 1/𝛾 values of the composites after 2 weeks of conditioned aging are presented in Table 6-10. A 
1/𝛾 value of 0 represents the most stable crystals where Tm = 𝑇𝑚
0  at all 𝑇𝑐, 𝑖𝑠𝑜, where a value of 1 is 
in the case of inherently unstable crystals [Laycock, Bronwyn et al., 2014a]. 
Table 6-10 Isothermal melting temperature and final to initial lamellar thickness as determined from 
Hoffman-Weeks plots 
Samples 𝑻𝒎
𝟎  (○C) 1/𝜸 
PHBV/WF (50/50) 180 0.15 
5% talc 190 0.27 
10% talc 187 0.24 
1% BN 188 0.25 
1% BN; 5% talc 192 0.30 
1% BN; 10% talc 188 0.25 
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 Chapter summary 
In this work, the mechanical properties, crystallisation behaviour and the long-term stability of 
PHBV/WF composites were studied. The addition of 5 and 10 wt% of talc resulted in an improvement 
in the initial properties of PHBV-based wood plastic composites. Talc is a micro-particle that offered 
complementary space-filling morphology, as evidenced by the lower porosity content observed 
through optical microscopy analysis. The broader particle size distribution provided by the micro-
sized talc can also alter the deformation mechanism. The addition of both BN and talc increased the 
rate of crystallisation of the composites, with BN being found to be a more effective nucleating agent 
after 2 weeks of conditioned aging. However, such increased in crystallisation rate brought about by 
the addition of BN did not improve the bulk mechanical properties of the composite due to the time 
allowed for complete crystallisation before testing. Instead, the micro-structure of the composite 
matrix had a huge effect in composite properties. Overall, correlations between micro-structure and 
composite properties were developed, addressing RO3. Improvement in mechanical strength and 
stiffness were achieved more effectively through the reduction of porosity level by the addition of 
micro-sized talc than the enhanced interfacial interactions by the use of chemical compatibilisation 
techniques. The mechanical enhancement did not address the need for higher flexibility and 
toughness, the properties optimisation work was therefore extended to the strategies for toughness 
improvement. An innovative approach to improve the processabilty and toughness of the composites 
through the inclusion of tougher PHA matrices was investigated.    
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 Understanding the effect of copolymer 
content on the processibility and mechanical 
properties of PHA/WF composites  
This chapter includes an accepted manuscript entitled “Understanding the effect of copolymer 
content on the processability and mechanical properties of polyhydroxyalkanoate (PHA) / wood 
composites”.  
Reference: 
Chan, C. M., Vandi, L-J., Pratt, S., Halley P., Ma, Y., Chen, G-Q., Richardson, D., Werker, A., 
Laycock, B. (2019). Understanding the effect of copolymer content on the processability and 
mechanical properties of polyhydroxyalkanoate (PHA) / wood composites. Composites: Part A, 
(accepted for publication) 
As the first author of this journal paper, I participated substantially in the design of the experiment, 
the manufacturing of the composites and the characterisation of thermal and mechanical properties, 
imaging of the as-produced samples, as well as towards the interpretation of the results, under 
supervision from fellow co-authors. Co-authors Ma, Y., Chen, G-Q. and Werker, A. aided the 
production and characterisation of the neat copolymers.  I solely drafted the whole paper where the 
co-authors involve mostly during the critical revision process. 
 
This chapter extended the optimisation of the mechanical performance of PHA/WF composites, as 
described in chapter 6, through the use of tougher polymer matrices. Here, I demonstrated an 
innovative approach to improve the processabilty and toughness of the composites through the 
inclusion of PHA copolymers. This approach took advantage of PHA having tailorable mechanical 
properties through the choice of different comonomer types and compositions. This chapter 
investigated the effect of 3-hydroxyvalerate (HV) comonomer content on the composites’ properties. 
The mechanical properties of two as-produced mixed culture PHBVs with average 3HV contents of 
24 and 63 mol%, and another PHA copolymer, poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 
(P3HB4HB) with 15 mol% of 4HB were analysed. The use of mixed culture PHA in composite 
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applications offered further cost reduction, the processing and characterisation of such composites 
with mixed culture PHA addresses RO4.  
The major outcomes of this chapter are: 
 The use of mixed culture PHBV had no detrimental effects on the mechanical performance of 
the wood plastic composites. 
 An increase in the 3HV content of the polymer resulted in a decrease in the melting point and 
an associated increase in the melt flow index which led to potential energy-savings and ease 
of processing. 
 Neat PHBV with 24 mol% 3HV and P3HB4HB with 15 mol% 4HB had attractive toughness 
which led to an improvement, albeit marginal, in composite strain at break. 
 The matrix strength and modulus also transferred to the bulk composites’ properties. 
However, unlike the tensile properties, the matrix toughness did not affect the composite 
toughness, with all PHA/WF composites having similar impact strength values. 
 These observations were consistent with the hypothesis that the mechanical properties of 
WPCs are dominated by the inherently rigid nature of the WF. 
 Introduction 
Polyhydroxyalkanote (PHA) biopolymers are candidates for composite applications such as in wood 
plastic composites (WPCs). One of their advantages in such applications is their high melt flow, 
which potentially leads to good coating of and integration with fibres. In particular, the common PHA 
homopolymer, poly(3-hydroxybutyrate) (P(3HB)) and the copolymers, poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB), are of 
interest, with the copolymers having interesting properties. Specifically, it is known that both PHBV 
and P3HB4HB, in common with many PHA copolymers, have lower melt viscosity and thus a higher 
melt flow index than PHB. For example, a 150% increase in melt flow index of PHBV was achieved 
when the 3HV content was increased from 0 to 15 mol% [Gatenholm et al., 1992]. Moreover, the 
melting temperature of copolymers decreases with increasing copolymer content: e.g. it has been 
reported that the peak melting temperature decreased from 180°C to 132°C when the 3HV content 
increased from 0 mol% to 25 mol% [Holmes, 1988]; It has also been observed that the melting 
temperature of P3HB4HB decreased from 176 to 54°C when the 4HB content increased from 0 to 38 
mol%, but then plateaued when the 4HB content further increased from 38 mol% to 94 mol% when 
the system passed the pseudoeutectic point [Mitomo et al., 2001]. Thus, a lower temperature is 
Chapter 7 
141 
 
required for copolymers to achieve similar melt flow to low comonomer content materials. Therefore, 
the energy required for composite production is less and the potential for increased melt stability is 
higher while still having the potential to produce composites with good fibre wetting and good 
mechanical properties.  
The incorporation of 3HV units, from 0 to 28 mol% [Mitomo et al., 1987; Savenkova et al., 2000], 
and 4HB units, from 0 to 34 mol% [Cong et al., 2008] has been shown to improve the strain at break 
and impact strength of neat polymer, but at a cost of reduced tensile strength and modulus. Thus, 
there is a potential to improve the composite toughness by including tougher PHA copolymers. 
However, the strain at break and impact strength has been shown to drop when the 3HV content is 
higher than 60 mol%, as the copolymer composition passes the pseudoeutectic point [Doi, 1990]. To 
date, most research into PHA-based WPC’s has been based on commercially available, pure culture 
PHBs and PHBVs, generally using different wood-based reinforcements, with wood contents lower 
than those of commercial WPC’s (which are typically of the order of 50 wt% wood content) [Singh 
& Mohanty, 2007; Srubar et al., 2012b]. Only a few attempts have been made to study the effect of 
PHBV properties, and particularly of 3HV content, on the composites properties. In one such study, 
the effect of copolymer composition on the crystallisation behaviour of wood PHA composites was 
analysed using PHBV with up to 24 mol% 3HV [Reinsch & Kelley, 1997]. However, the mechanical 
properties were out of scope of that study. Furthermore, no study has been reported that extended the 
insights from that work into WPCs of PHBV with 3HV content higher than 25 mol%. For P3HB4HB, 
a transformant with an additional PHA synthase gene was used to produce this copolymer with 95% 
4-HB content [Norhafini et al., 2017]. Mechanical results on solvent-cast films showed that a dramatic 
increase in strain at break when compared to PHB, which could be an advantage for composite 
application. There have also been limited attempts to produce and characterise P3HB4HB-based 
WPCs and none that compares the properties of P3HB4HB composites with those based on PHBV. 
Of those composite studies that do exist that used P3HB4HB as the matrix, one by An and Ma [An 
& Ma, 2017] investigated the effect of maleic anhydride modification on the mechanical properties 
of P3HB4HB/wood fibre composites which focused on the impact of compatibilisation instead of the 
copolymer content.  
The present study aimed to understand the effect of 3HV (2 levels) and 4HB (1 level) content on the 
properties of both the copolymers and their composites. Another objective was to bridge the gap in 
the literature on the direct comparison between the effect of different comonomer units, namely 
between 3HV and 4HB. PHBV copolymers with two significantly different levels of 3HV content 
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(24 and 63 mol% respectively) were produced using enriched mixed cultures derived from activated 
sludge and fed a volatile fatty acid rich feedstock. A P3HB4HB copolymer with 15 mol% 4HB 
obtained from a pilot-scale pure culture facility was also used. A significantly more crystalline 
commercial PHBV with 1 mol% of 3HV manufactured using pure cultures was used as a reference 
material for comparison. A feature of the work was the rheological and thermal analyses, which 
informed the processing conditions of the PHBV and P3HB4HB materials and their composites. The 
tensile and impact properties of the extruded copolymers and their composites with 50 wt% of WF 
were analysed to determine the underlying factors that affect the mechanical properties. This study 
also involved the use of different extrusion temperatures for the different PHBV copolymers in order 
to understand the conditions under which the melted polymer had the same melt flow, as determined 
through rheological characterisation. 
 Experimental procedure 
 Materials 
The TianAn PHBV and WF as described in chapter 4.1 were used in this chapter. In-house mixed 
culture PHBV was accumulated using a pilot-scale process.  
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) with 15 mol% 4HB (from 1H NMR) and 
a 𝑀𝑤̅̅ ̅̅̅ of 967 kDa was produced by engineered Halomonas bluephagenesis TD01 grown from glucose 
and γ-butyrolactone by a company, BluePHA in China. The process was described in full in a 
previous study [Chen et al., 2017]. In brief, P3HB4HB was accumulated in a 1000 L pilot scale 
fermenter for 48 hours under open non-sterile condition. A polymer content of over 60% of the dry 
weight cell was achieved. The polymer was then extracted using chloroform, precipitated by ethanol 
and washed with chloroform before solvent evaporation. 
 Mixed culture PHBV accumulation 
Surplus activated sludge biomass was harvested from a pilot-scale biological process treating a potato 
starch manufacturing factory wastewater (AKM, Denmark). The biomass was used to accumulate 
PHA using a pilot scale aerobic fed-batch reactor and processing which has been described in full in 
a previous study [Chan et al., 2017a; Morgan-Sagastume et al., 2014].  
Mixtures of acetic and propionic acids (HAc and HPr, respectively) were supplied using a feed-on-
demand feedback control strategy [Werker et al., 2013]. Two different HAc to HPr ratios (9:1 and 
6:4) were chosen according to literature [Chua et al., 1999], aiming to produce PHBVs of two 
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distinctly different 3HV contents. The accumulation processes were run for 24 h. After that, the 
PHBV-containing biomass suspension was first acidified to pH 2 by adding sulphuric acid to enhance 
the condition of thermal stability of the polymer in the biomass [Werker et al., 2012]. The suspension 
was then centrifuged (3500xg for 10 min) and oven dried at 70○C for 24 h to remove water and cations 
(due to acidification).  
The dried biomass was then sent to a pilot-scale extraction process whereby the PHBV was extracted 
with butanol to a maximum temperature 140○C over 53 min [Chan et al., 2017a]. The solvent 
containing dissolved polymer was then separated from the biomass suspended solids by filtering and 
the solvent mix was cooled to form a gel, then pressed to exude excess solvent. The pressed polymer 
cake was then dried to yield the PHBV product, which was then ground after being oven-dried at 
70○C for 24 hours.  
 Extrusion processing 
To compare the effect of 3HV content on mechanical properties, samples of the neat PHBV with 
different 3HV contents and their composites were prepared. The formulations with their associated 
sample identification are summarised in Table 7-1. The optimised extrusion process, which is 
described in chapter 4.2.1, was used to produce the samples containing the commercial TianAn 
PHBV. The set-ups for the mixed culture, higher 3HV materials are outlined below. 
 Extrusion processing for higher 3HV materials 
The optimised extrusion process as described in chapter 4.2.1 was used with the following changes: 
 The 24HV (9:1 HAc to HPr), 63HV (6:4 HAc to HPr) and P3HB4HB materials were dried 
in a vacuum oven at 25○C for 24 hours before extrusion.  
 The same extruder screw profile was used but two different temperature profiles were 
adopted, including both the previously optimised 180○C profile described in chapter 4.2.1 
plus a lower extrusion temperature of 140○C with a die temperature of 100○C.  
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Table 7-1 Formulations of PHBV/WF composites with different 3HV content and processing 
parameters 
Sample 
identification 
PHBV source 3HV content 
(see Table 
7-2) 
Extrusion 
temperature 
(○C) 
WF content  
(wt%) 
1HV Commercial  
TianAn Y1000 
1.0% 3HV 180 0 
1HVW Commercial  
TianAn Y1000 
1.0% 3HV 180 50 
24HV Mixed culture  
(9:1 HAc to HPr) 
23.7% 3HV 180 0 
24HVW Mixed culture 
(9:1 HAc to HPr) 
23.7% 3HV 180 50 
63HV Mixed culture  
(6:4 HAc to HPr) 
63.2% 3HV 180 0 
63HVW Mixed culture  
(6:4 HAc to HPr) 
63.2% 3HV 180 50 
63HV-140C Mixed culture  
(6:4 HAc to HPr) 
63.2% 3HV 140 0 
63HVW-
140C 
Mixed culture  
(6:4 HAc to HPr) 
63.2% 3HV 140 50 
P3HB4HB Sugar 
fermentation 
15.0% 4HB 180 0 
P3HB4HB Sugar 
fermentation 
15.0% 4HB 180 50 
 
 Characterisation methods 
 Characterisation of PHBV copolymer 
1H-Nuclear magnetic resonance spectroscopy (1H-NMR) and gas chromatography (GC) as described 
in chapter 4.2.6 and 4.2.7 respectively were used to determine the comonomer content of the 
copolymers. DSC was used to determine the thermal properties of the as-produced PHBV (chapter 
4.2.3). For rheology and WAXS analysis, the as-received/as-produced PHA powders were first hot 
pressed into 1.5-mm thick sheets using a frame of 10 x 10 cm under a Carver hydraulic press at 180°C, 
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120°C and 80°C for 1HV, 24HV and 63HV respectively, under a force of 10 U.S. tons for 2 mins. A 
press temperature of 180°C was used for P3HB4HB. Rheological measurements were then made 
using an ARES Rheometer equipped with parallel plate fixtures as described in chapter 4.2.2. The 
degree of crystallinity of the PHA samples was estimated using WAXS analysis on extruded samples. 
The procedure is outlined in chapter 4.2.4. Gel permeation chromatography (GPC) was used to 
determine the molecular weight of the polymer matrix before and after extrusion. The procedure as 
outlined in chapter 4.2.5 was used. 
 Characterisation of composites 
The extruded composites were submitted to tensile and notched Charpy impact tests as outlined in 
chapter 4.2.8.1 and chapter 4.2.8.2, respectively.  
 Results and discussion 
 Polymer properties 
 Comonomer composition 
The average copolymer ratio of the as-produced mixed culture PHBV was first determined using 1H-
NMR. Figure 7-1 shows the 1H-NMR spectrum with assigned peaks of the PHBV produced in mixed 
culture using a HAc to HPr feed ratio of 9:1. The results were: 1H-NMR (300MHz, CDCl3) δ 5.29 – 
5.23 (1H (HB unit), m), 5.19 – 5.13 (1H (HV unit), m), 2.68 – 2.54 (2H (HB unit), m), 2.54 – 2.41 
(2H (HV unit), m), 1.69 – 1.59 (2H (HV unit), m), 1.28-1.27 (3H (HB unit), d), 0.91-0.88 (3H (HV 
unit), t). The 3HV content of the PHBV was calculated based on the integral data from the peaks 
associated with the 3HB and 3HV monomer units [Masood et al., 2012]. The multiplet signal at ~0.89 
ppm and the doublet signal at ~1.27 ppm were identified as the characteristic and well-separated 
peaks of the protons in the methyl group from the 3HV unit (labelled as 7 in Figure 7-1) and in the 
methyl group from the 3HB unit (labelled as 3 in Figure 7-1) respectively. Therefore the 3HV content 
was calculated using the following equation:  
𝑚𝑜𝑙% 𝐻𝑉 =
𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝐻𝑉 𝑢𝑛𝑖𝑡 "7")
𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝐻𝑉 𝑢𝑛𝑖𝑡 "7")+𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝐻𝐵 𝑢𝑛𝑖𝑡 "3")
  
The material labelling followed the results from 1H-NMR analysis. The commercial TianAn PHBV 
had a 3HV content of 1 mol%, which agreed with the supplied information. The 3HV content of the 
as-produced biopolymer product increased from 24 mol% to 63 mol% when the HAc to HPr ratio in 
the synthetic feed was lowered from 9:1 to 6:4. It has been reported that PHBV copolymers with an 
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3HV content of 12 mol% and 30 mol% were achieved when a 8:2 and 6:4 ratio was used, respectively, 
in a laboratory-scale sequential batch reactor with municipal wastewater as the substrate for culture 
enrichment [Chua et al., 1999]. The current PHA accumulation system, in general, yielded a polymer 
with higher 3HV content. Nevertheless, the pilot-scale mixed culture PHA accumulation using 
synthetic feed successfully produced PHBV with two distinct 3HV contents, with one much higher 
than 25 mol%, for extrusion processing and further characterisations.  
The same technique was then used to determine the 4HB content of the as-received P3HB4HB. Figure 
7-2 shows the 1H-NMR spectrum with assigned peaks of the P3HB4HB. The results are: 1H-NMR 
(300MHz, CDCl3) δ 5.26 – 5.24 (1H (3HB unit), m), 4.12 – 4.09 (2H (4HB unit), m), 2.66 – 2.45 
(2H (3HB unit), m), 2.39 – 2.33 (2H (4HB unit), m), 1.97 – 1.91 (2H (4HB unit), m), 1.56 (2H (water), 
s), 1.29-1.27 (3H (3HB unit), d). The 4HB content was calculated using the following equation and 
inserted in Table 7-2:  
𝑚𝑜𝑙% 4𝐻𝐵 =
𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (4𝐻𝐵 𝑢𝑛𝑖𝑡 "5"+"6")
𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (4𝐻𝐵 𝑢𝑛𝑖𝑡 "5"+"6")+𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (3𝐻𝐵 𝑢𝑛𝑖𝑡 "2"+"3")
  
 
Figure 7-1 1H-NMR spectrum of the mixed culture PHBV produced using a feed HAc to HPr ratio 
of 9:1 (24HV) 
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Figure 7-2 1H-NMR spectrum of the as-received P3HB4HB 
 
Table 7-2 Copolymer content of the PHBV and P3HB4HB determined using 1H-NMR  
Samples %3HB 
(mol %) 
%3HV/%4HB 
(mol %) 
Commercial TianAn 
Y1000 
99.0 1.0 
Mixed culture 
(9:1 HAc to HPr) 
76.3 23.7 
Mixed culture 
(6:4 HAc to HPr) 
36.8 63.2 
P3HB4HB 85.0 15.0 
 
 Polymer crystallinity 
WAXS analysis was used to determine the degree of crystallinity of all samples. Figure 7-3 shows 
the 1D WAXS patterns of the extruded copolymers, with the peaks corresponding to both P(3HB) 
and P(3HV) type lattices being annotated. As can be seen in Figure 7-3, 1HV showed the WAXS 
pattern of a P(3HB) crystal lattice. A small amount of 3HV units were co-crystallised into the P(3HB) 
lattice as may be expected [Bluhm et al., 1986; Yoshie & Inoue, 2005]. By contrast, the WAXS 
pattern of the P(3HV) crystal lattice was observed for 63HV. This agreed with the literature in that a 
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distinct transition in crystal structure from the 3-hydroxybutryate (3HB) lattice to the 
3-hydroxyvalerate (3HV) lattice was observed at close to 50% 3HV content in the copolymer [Wang 
et al., 2001; Yamada et al., 2001]. P3HB4HB also exhibited the P(3HB) type lattice, as expected from 
a previous study on P3HB4HB wherein the lattice parameters were unchanged with increasing 4HB 
content [Mitomo & Doi, 1999].  
The degree of crystallinity was estimated based on XRD analysis, as described in the methods section. 
For 1HV, 68% crystallinity was observed. For 24HV, the crystallinity value was lower, at 59%, but 
the value for 63HV increased to 65%. The observed trend was in keeping with the literature [Wang 
et al., 2001], with small variations likely being due to the influence of the blend compositional 
distribution. On the other hand, P3HB4HB has the lowest degree of crystallinity among all the 
copolymers, at 45%. Without co-crystallisation [Iwata et al., 1999], 4-HB units acted as defects and 
are more effective in disturbing the packing of the P(3HB) lattice than 3-HV units and thus resulted 
in lower degree of crystallinity overall [Lu et al., 2011].  
 
Figure 7-3 1D WAXS patterns of PHA with different copolymer compositions 
 Thermal properties 
Figure 7-4a shows the first heating scan from the DSC analysis, comparing the TianAn and as-
produced PHA copolymers with different comonomer contents. The first heating scan was used, as 
any slow crystallising components (such as copolymers with 3HV content >25%) would not be 
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evident in the second heating scan. The as-obtained thermal properties are summarised in Table 7-3 
and compared with the literature (based on melting temperatures of narrow compositional distribution 
PHBVs) in Figure 7-5 [Feng et al., 2002]. 
The commercial PHBV with 1 mol% 3HV (1HV) gave a sharp melting peak at 172°C, with a melting 
range of between 145°C and 180°C, indicating a relatively narrow compositional distribution at a 
temperature consistent with 3HV content (Figure 7-5a). By contrast, the thermal properties of the 
higher 3HV content copolymers were more complex. As expected, the peak melting temperature 
decreased with an increase in 3HV content, due to the disturbance of the 3HB crystalline lattice 
caused by the 3HV units [Bluhm et al., 1986]. It is also anticipated that at >50 mol% 3HV content, 
the 3HV crystalline lattice will be the primary unit cell.  
As can be seen in Figure 7-5a, the experimentally determined peak melting temperature values of the 
PHBV fall within the expected values. The mixed culture high 3HV content copolymer, with an 
average 3HV content of 63 mol% (63HV), had a broad melting peak at around 90°C, in line with the 
melt temperature of high 3HV copolymers (Figure 7-5a). Two smaller melting peaks were also 
observed at around 144°C and 170°C, indicating the presence of some higher 3HB copolymeric 
material within the high 3HV bulk sample. The other copolymer product, with an average 3HV 
content of 24 mol% (24HV), had a much broader melting peak, ranging from 47°C to 171°C. Such 
broad melting peaks from this PHBV in particular, but to a lesser extent for 63HV, suggested a broad 
chemical compositional distribution of copolymer types. In other words, the as-produced materials 
were polymer blends comprised of PHBV copolymers of different 3HV contents [Janarthanan et al., 
2014]. The as-received P3HB4HB also appeared to be a copolymer blend, as evidenced by the double 
melting peaks, with one broad melting peak at 89°C and one relatively narrow peak at 173°C. 
1HV had the highest enthalpy of melting (ΔHm) among the three PHBVs tested (97.8 J/g), in 
comparison with the ΔHm value for 24HV (which is the lowest at 50.7 J/g), and 63HV, which had a 
higher ΔHm value (69.6 J/g) than 24HV but lower than that of 1HV. The experimental values followed 
the same trend as observed in the literature (Figure 7-5b), whereby the ΔHm value first decreased then 
increased with 3HV content with the lowest point at 40 – 50 mol% 3HV content, which was 
considered to be the intermediate 3HV content range at which the crystal lattice structure changed 
between the P(3HB) and P(3HV) lattice, thus resulting in materials with lower ΔHm values [Bluhm 
et al., 1986; Wang et al., 2001]. The ΔHm value for P3HB4HB was the smallest among all the 
copolymers (22.3 J/g). This can be attributed to the irregularities in the chain brought about by the 
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4HB units [Cong et al., 2008]. Unlike 3HV units, 4HB units did not co-crystallise into the 3HB unit 
cells and instead acted as defects in the P(3HB) crystal lattice [Iwata et al., 1999]. 
Figure 7-4b shows the cooling curves of the TianAn and as-produced PHAs with different copolymer 
contents. A sharp melt crystallisation peak at 108°C was observed from the 1HV material but no 
obvious exotherms were found for the higher 3HV content materials or for P3HB4HB, indicating 
minimal crystallisation upon cooling. 24HV and P3HB4HB, instead, exhibited a cold crystallisation 
behaviour on heating from the amorphous solid state during the 2nd heating scan (Figure 7-4c), 
whereas 1HV crystallised completely on initial cooling from the melt. This implies that 24HV and 
P3HB4HB had a slower rate of crystallisation than 1HV, as evidenced by the higher under-cooling 
energy and longer time needed for crystallisation [Kai et al., 2005]. 63HV showed an even slower 
crystallisation, in that both the melt and cold crystallisation transitions were absent.  
24HV, 63HV and P3HB4HB also showed clear glass transitions associated with the amorphous 
region during the final heating scan (20°C/min) following quench cooling. This is a further indication 
of a slow crystallisation rate, in that a large proportion of the polymer remained in the amorphous 
state in the 24HV, 63HV and P3HB4HB materials following the slow cooling cycle. On the other 
hand, the 1HV material did not show a glass transition region, which again suggested both a fast 
crystallisation rate and also a high percentage of crystallinity in the material produced on cooling. 
The as-determined Tg values (from the final heating scan at 20°C/min) were -1°C
 for 24HV, -9°C for 
63HV and -10°C for P3HB4HB (Table 7-3). In general, Tg decreased linearly with increasing 3HV 
content, with literature Tg values (at a heating rate of 20°C/min) along with the experimental values 
from this study (24HV and 63HV) being given in Figure 7-5c. It can be seen that in this case the Tg 
values of the PHBV in this study were sightly depressed compared with the established trend. This is 
consistent with the effect of blends on such systems, with multiple effects at play, such as 
co-crystallisation as well as interpenetrating crystallisation of multiple PHBV crystal phases leading 
to both depression of the glass transition temperature of the amorphous phase due to constrained 
environments but also selective rejection of the slower crystallising copolymers into the amorphous 
phase depending on crystallisation conditions. Only one glass transition temperature was discerned, 
indicating that even if the polymer blends comprised a wide distribution of co-polymer 3HV content, 
the blend components would be nevertheless miscible. 
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Figure 7-4 (a) First heating scan, (b) first cooling scan and (c) second heating scan from the DSC 
thermographs of PHA with different copolymer compositions 
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Table 7-3 Thermal properties of PHA with different copolymer compositions 
Sample Melting behaviour Crystallisation behaviour Glass transition 
Peak Tm  
(˚C) 
Start Tm End Tm ΔHm  
(J g-1) 
Tmc  
(˚C) 
Tcc  
(˚C) 
ΔHc  
(J g-1) 
Tg  
(˚C) 
1HV 171 145 180 97.8 108 Not observed 91.7 Not observed 
24HV 141/157 49 171 50.7 Not observed Broad Broad -1 
63HV 85/92/ 
168 
47/ 
140 
107/ 
177 
69.6 Not observed Broad Broad -9 
P3HB4HB 88/ 
173 
42/ 
144 
114/ 
181 
29.7 Not observed 66 19.4 -10 
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Figure 7-5 Effect of 3HV comonomer content in PHBV on (a) melting temperature (literature values are presented in solid circles; experimental values 
in hollow circles), (b) change in enthalpy during melting (literature values are presented in solid squares; experimental values in hollow squares), (c) 
glass transition temperature (literature values are presented in solid triangles; experimental values in hollow triangles) (all literature values from 
carefully fractionated PHBV as cited from reference [Feng et al., 2002] and modified) 
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 Processing properties 
 Thermal stability 
Thermal sensitivity is known to be an important processing consideration for PHA biopolymers. The 
thermo-gravimetric and derivative curves from the TGA analysis are therefore presented in Figure 
7-6, with associated parameters being summarised in Table 7-4. The onset of thermal decomposition 
(Td, onset) was defined as the temperature at which the specimen weight drops below 95% from the 
baseline and the peak temperature (Td, peak) was defined as the temperature at the peak of the derivative 
curve. Of the polymers studied, the 1HV showed the best thermal stability, with the highest Td, peak 
value. The 24HV and 63HV copolymers shared a similar thermal stability. The Td values for 
P3HB4HB were lowest amongst this suite of sample. Such lower thermal stability could be due to 
the presence of residual cations or impurities from the production process in the polymer. 
Optimisation of the post-processing steps could mitigate the adverse effect [Chan et al., 2017a]. The 
P3HB4HB furthermore exhibited residual mass after PHA decomposition, suggesting a higher level 
of impurity. It has been shown that selected residual trace impurities including cations can strongly 
influence the polymer thermal stability [Werker et al., 2016]. 
 
Figure 7-6 Thermo-gravimetric analysis and the corresponding 1st derivative curves of PHA with 
different copolymer compositions 
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Table 7-4 Thermal decomposition parameters of PHA with different copolymer compositions 
Sample Decomposition temperature at main 
weight-loss region (°C) 
Onset Peak 
1HV 278 304 
24HV 278 294 
63HV 279 298 
P3HB4HB 252 274 
 
Thermal degradation has been observed when processed at high temperatures and with high shear 
[Pachekoskia et al., 2013]. The molecular weight values of all PHAs before extrusion, after extrusion 
and after extrusion with 50 wt% of WF were therefore characterised to assess the thermal stability of 
the materials during processing and the effect of WF (Table 7-5). The number of scissions (NS(t)) and 
average scission rates (RS) were also estimated using the following equations [Chan et al., 2017a] and 
are presented in Table 7-5:  
𝑁𝑠(𝑡) =
𝑀𝑤̅̅ ̅̅̅(𝑡 = 0)
𝑀𝑤̅̅ ̅̅̅(𝑡)
− 1                    𝑅𝑠 =
𝑁𝑠(𝑡)
𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑒𝑥𝑡𝑟𝑢𝑑𝑒𝑟 = 1𝑚𝑖𝑛
 
The initial molecular weight of 63HV was lower than that of 1HV and 24HV (which had similar 
values). The disruption of polymer chain synthesis causing lower average molecular mass during 
PHA accumulation may be induced by the higher amount of 3-HV units [Albuquerque et al., 2011]. 
However, such a disruption was not seen in the P3HB4HB material, which had in this case the highest 
initial molecular weight among all. The molecular weight loss during the biomass drying and 
extraction steps could also contribute to the observed lower molecular weight for 63HV. With a lower 
crystallinity, 63HV was interpreted to have been more prone to degradation during the drying stages 
of the biomass, potentially resulting in a lower chain length than 24HV which was processed 
identically [Chanprateep et al., 2006]. The polydispersity index (PDI), which is a measure of the 
heterogeneity of the length of the polymer chains, was calculated for each sample and is showed in 
Table 7-5. No obvious trends were observed from the changes in PDI when processing the polymers.  
The thermal stability of the neat polymers during processing showed similar trends with the TGA 
analysis. A higher average scission rate was observed from processing neat 24HV when compared to 
1HV. The contributing factors towards this correlation are complex including, as examples, the 
differences in blend composition distributions, polymer crystallinity and preparation methods. The 
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scission rate of processed neat 63HV at 180°C is the lowest among the three PHBV samples. It is 
obvious that 63HV had a subsequently lower initial molecular weight before processing, which could 
be one of the contributing factors. As expected, no observable drop in molecular weight (scission rate 
of 0) was observed when the 63HV polymer was processed at lower temperature (140°C). As 
reflected by the TGA results, the thermal stability of P3HB4HB used in this study was lower than all 
the PHBV copolymers under the processing conditions applied, as evidenced by the higher estimated 
scission rate (2.0 min-1) than that of the PHBVs (0.20 – 0.70 min-1). It should be noted that other 
P3HB4HB and PHBV copolymers could behave differently. It has previously been observed that the 
polymers will behave differently as a function of the nature of trace impurities [Werker et al., 2016]. 
Processing and purification conditions and steps are critical to the polymer thermal properties and 
molecular weight survival for compounding and processing.  
The average scission rate increased when processed with 50 wt% of WF, independent of the polymer 
type. Similar findings were also reported in a study on the melt compounding of PHBV (24 mol% 3-
HV) / bleached kraft fibre composites [Reinsch & Kelley, 1997]. Composites exhibit higher shear 
stress with increasing wood content due to the roughness of the wood surface [Li & Wolcott, 2004], 
which could result in an increased degree of degradation, as already observed in polyolefin-based 
wood plastic composite systems [Moad, 1999]. Furthermore, the presence of moisture in the wood 
could facilitate the hydrolytic chain scissioing of the PHA and cause the more severe loss of molecular 
weight [Kim et al., 2008]. 
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Table 7-5 Molecular weight values of PHA with different copolymer compositions before extrusion, neat polymer after extrusion and composite 
material after composite extrusion and their corresponding estimated scission rate 
Samples 1HV 24HV 63HV 63HV-140C P3HB4HB 
 ?̅?𝑛 ?̅?𝑤 PDI RS ?̅?𝑛 ?̅?𝑤 PDI RS ?̅?𝑛 ?̅?𝑤 PDI RS ?̅?𝑛 ?̅?𝑤 PDI RS ?̅?𝑛 ?̅?𝑤 PDI RS 
 (kDa)  (min-1) (kDa)  (min-1) (kDa)  (min-1) (kDa)  (min-1) (kDa)  (min-1) 
As-
received 
235 590 2.51 -- 289 602 2.08 -- 86 181 2.10 -- 86 181 2.10 -- 355 967 2.72 -- 
Extruded 
neat 
polymer 
203 458 2.26 0.29 149 354 2.38 0.70 79 151 1.91 0.20 97 189 1.95 0.0 156 322 2.06 2.0 
Extruded 
composite 
113 256 2.27 1.3 132 323 2.45 0.86 71 145 2.04 0.25 77 146 1.90 0.24 115 249 2.17 2.9 
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 Rheology 
The effect of copolymer content on the processability or melt flow of the PHA copolymer matrix was 
assessed using rheological measurements. The storage modulus (G′), loss shear modulus (G′′) and 
complex viscosity (ƞ∗) values at various frequency levels are presented in Figure 7-7. An initial 
frequency sweep was performed at 180°C, with 180°C being the usual processing temperature for the 
1HV material based on a preliminary study [Chan et al., 2016]. As can be seen from Figure 7-7, the 
rheological properties of the 24HV material were similar to those of the 1HV polymer at 180°C. It 
has been reported that the rheology of a polymer was dependent on the molecular weight, the linearity and 
the degree of crosslinking (e.g. linear vs cross-linked) of thermoplastics [Heitz et al., 1989]. In other 
words, molecular weight depended on the ease of moving the polymer chains around.  
Rheology results as presented in Figure 7-7 showed that 1HV and 24HV have similar melt flow 
properties at the processing temperature of 180°C. With a similar initial molecular weight (i.e. similar 
polymer chain lengths) and thermal stability, this observation was expected. On the other hand, the 
difference in comonomer content was shown to have limited effect on the rheology of the polymer in 
this context. However, it is also worth noting that the 24HV material composed of a blend of different 
copolymers where further study on narrowly distributed copolymer would provide deeper 
understanding into the effects of comonomer content.  
63HV had a lower viscosity than 24HV (Figure 7-7b), which aligns with the molecular weight results 
(Table 7-5). The shorter 63HV chains were less entangled to each other and were easier to move when 
shear was applied. Such ease of flow at a processing temperature of 180°C could potentially facilitate 
the mixing and wetting of the WF but the low molecular weight could produce a detrimental effect 
on the mechanical performance.  
At all the tested frequency levels, P3HB4HB had a lower viscosity than 1HV and 24HV. Unlike the 
above interpretation, this did not align with the molecular weight results, with P3HB4HB having a 
higher initial molecular weight. Instead, P3HB4HB polymer chains underwent chain scissioning very 
rapidly when melted and caused a reduction in polymer chain lengths. The shorter chains were less 
entangled to each other resulting in a higher melt flow. Overall, the rheology results provided insights 
into the processing behaviour for the copolymers. However, the effect of comonomer content on melt 
flow properties was rather limited while the molecular weight has shown to be the dominating factor.  
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Figure 7-7 (a) The shear storage (G′, filled symbols) and shear loss modulus (G′′, non-filled 
symbols) of PHA with different copolymer compositions at different frequency rates. (b) The 
complex viscosity of PHA with different copolymer compositions at different frequency rates 
 Mechanical performance of WPCs 
 Tensile properties 
Effect of copolymer content 
The mechanical properties of 1HV, 24HV, 63HV-140C and P3HB4HB, which all have similar melt 
flow during processing, were compared to study the effect of matrix properties on the resulting 
composite properties. Figure 7-8 summarises the tensile properties of extruded neat 1HV, 24HV, 
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63HV-140C and P3HB4HB on the left with clear boxes (Figure 7-8a, c, e) and that of their composites 
on the right with striped boxes (Figure 7-8b, d, f).  
As can be seen in Figure 7-8a, c, e, neat 24HV had a higher strain at break but lower tensile strength 
and modulus when compared to 1HV. Similar trends have been reported for PHBV copolymers 
containing up to 25 mol% 3HV [Doi, 1990; Holmes, 1988]. This improved strain at break has been 
associated with the presence of dislocations in the crystal unit, crystal strain, and smaller crystallites 
brought about by the introduction of 3HV units into the 3HB crystal structure [Orts et al., 1990]. The 
tensile strength decreased further when the 3HV content was increased from 24 to 63 mol%, which 
is consistent with the general trends in the literature [Doi, 1990; Holmes, 1988]. On the other hand, a 
similar modulus and a lower strain at break were observed for 63HV when compared to that of 24HV. 
These observations supported the reported trend such that strain at break increases with increasing 
3HV content of up to 45 – 55 mol% [Wang et al., 2001] (at the pseudoeutectic point) then decreases 
[Doi, 1990; Luzier, 1992]. Also, the observed higher degree of crystallinity from 1HV and 63HV 
than that of 24HV implies the presence of larger spherulites during crystallisation. Larger spherulites 
decrease the strain at break of the bulk polymer due to the constraint of crystal movements and 
dislocations [Starkweather & Brooks, 1959].  
The inclusion of 15 mol% of 4HB units also resulted in lower tensile strength and modulus values 
but higher tensile strain at break values when compared to neat 1HV. More interestingly, neat 
P3HB4HB showed yielding and strain softening behaviours before failure which resulted in an 
impressive tensile strain at break of 88 ± 26% compared to the maximum of 13 ± 3% from the 
inclusion of 3HV monomer units (24HV).  
The strain at break of the neat PHA copolymers (Figure 7-8e) showed a similar trend to the 
crystallinity values such that the lower the crystallinity the more flexible the copolymer. This was 
expected, as the crystalline regions reduced the degree of freedom for the molecular chains to move 
and thus lowered the flexibility of the copolymer [El-Hadi et al., 2002]. From the materials used in 
this study, it is shown that 4HB monomer units were more effective in improving the strain at break 
of P(3HB) than the 3HV monomer units. In contrast to PHBV, the second monomer units of 
P3HB4HB copolymers with a longer chain length were not inserted into the P(3HB) lattice [Orts et 
al., 1990] but instead were found in irregular crystal surfaces with loose, flexible chain foldings [Iwata 
et al., 1999]. The lower crystallinity and the presence of excessive dislocation and chain foldings 
contributed to the more significant increase in flexibility when medium chain length PHA monomers 
such as 4HB are included in P3HB [Laycock, Bronwyn et al., 2014b].  
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The addition of WF resulted in reductions in tensile strength and strain at break and an improvement 
in stiffness for all tested PHAs. When comparing the properties of 1HVW, 24HVW, 63HVW-140C 
and P3HB4HB, it was observed that the composite tensile strength (Figure 7-8b) and modulus (Figure 
7-8d) showed similar trends to that of neat polymers (Figure 7-8a, c). In this case, the matrix strength 
and modulus transferred to the composite properties. As can be seen in Figure 7-8f, the use of 24HV 
in composite resulted in a slightly, and statistically significantly (95% confidence interval), higher 
strain at break value (1.3%) when compared to that of 1HV (0.73%). Although the neat 24HV had a 
strain at break close to three times higher than that of neat 1HV, only a slight increase (78% increase) 
was observed for the equivalent composites. Similar results were also observed for P3HB4HB 
composites, where the resulting WPCs were brittle, with a decrease in strain at break from 88 ± 26% 
to 2.0 ± 0.5%. However, despite the substantial drop in strain at break when compared to the neat 
P3HB4HB, this composite material had a strain at break significantly higher (p < 0.05) than that 
achieved from 1HV. Furthermore, tearing failure was observed from the present samples instead of 
brittle “snapping” failure, which has been usually observed from 1HV-based WPCs [Srubar & 
Billington, 2013]. It can be concluded that the introduction of the tougher PHBV and P3HB4HB 
polymer matrices resulted in a slight improvement in the strain at break of the composite. However, 
the rigid nature of WF still dominated the mechanical properties of WPCs, which is well-known as 
the limitation of WPCs [Chan et al., 2018a]. 
Effect of extrusion temperature 
63HV and its composite were extruded at two different temperatures (140°C and 180°C) and their 
mechanical properties were compared, as shown in Figure 7-8. The mechanical properties of 63HV 
were found to be independent of the chosen extrusion temperatures. With a lower viscosity at when 
processed at 180°C, it was expected that the polymer melt will generate a better wetting and a greater 
penetration in the fibre structure and thus yield an enhanced mechanical performance. However, 
extruding the equivalent composite with 50 wt% WF at a higher temperature and thus higher melt 
flow led to a decrease in strength and modulus. This showed that lower viscosity of the polymer in 
the melt in the range tested had limited effect on the resulting the performance composite material. 
As can be seen in Table 7-5, the molecular weight values between 63HVW and 63HVW-140C were 
similar. Moreover, it has been reported that neat PHBV retained its mechanical strength until the Mw 
was lower than 134 kDa [Luo et al., 2002b]. The thermal degradation effect may not therefore be the 
reason for the loss in mechanical properties. Instead, it could be due to a combination of other factors 
such as the lack of pressure at the die which may induce defects and moisture-induced porosity. The 
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complexity of the extrusion process caused challenges in isolating the explanation for the observed 
mechanical properties.  
 
Figure 7-8 (a, b) Tensile strength, (c, d) modulus and (e, f) strain at break of extruded PHA with 
different copolymer compositions and their composites with 50 wt% of WF. Data are presented as 
box plots indicating the maximum, 3rd quartile, median, 1st quartile and minimum value among ten 
duplicates. The mean values are noted in text to the right of each box plot. 
Chapter 7 
163 
 
 Impact properties 
The notched Charpy impact strengths of 1HV, 24HV, 63HV-140C and P3HB4HB and their 
composites were characterised in order to assess the effect of copolymer on toughness. The data from 
neat copolymers and their composites are presented in Figure 7-9a and b, respectively. The trend 
between the impact strength and polymer crystallinity of neat PHA copolymers was similar to that of 
the tensile strain at break results. The notched impact strength decreased with increasing crystallinity. 
With a lower crystallinity than the PHBV copolymers, including 15 mol% of 4HB resulted in a 
notched impact strength of 30.4 ± 0.6 kJ/m2 compared to the maximum of 7.6 ± 0.2 kJ/m2 from the 
inclusion of 3HV monomer units (24HV).  
The higher impact toughness of 24HV and P3HB4HB did not strongly influence the bulk composite 
properties. As can be seen in Figure 7-9b, similar impact strength values were obtained from all the 
composites of PHA. This outcome implied that the composite impact toughness was controlled by 
the combination of the rigid nature of the WF and limited compatibility at the polymer-fibre interfaces 
[Dufresne et al., 2003]. Overall, it was observed in the present work that clear differences in the 
polymer matrix properties did not strongly influence the bulk composite impact toughness after 
extrusion processing. The processing temperature also had no effect on the impact properties of 
63HV. The lower molecular weights from processing at higher temperature, as discussed in Table 
7-5, were not reflected in the bulk mechanical properties.  
 
Figure 7-9 Notched Charpy impact strength of extruded PHA with different copolymer 
compositions and their composites with 50 wt% of WF 
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 Chapter summary 
Overall, composites of high 3-HV content mixed culture PHBVs (with 24 and 63 mol% of 3-HV) and 
a pure culture P3HB4HB with 15 mol% of 4-HB with 50 wt% WF were successfully produced, for 
the first time, using extrusion. This outcome showed the potential of composites with mixed culture 
PHA for further cost reduction, which has been regarded as the major challenge for PHA.  
DSC results showed that, as expected, the inclusion of comonomer, both 3-HV and 4-HB, lowered 
the melting temperature of the PHA copolymer, which potentially offers a wider processing window. 
The co-crystallisation of P(3HV) and P(3HB) units was demonstrated by the lower crystallinity value 
of 24HV among the PHBVs. Without co-crystallisation, 4-HB units act as defects are more effective 
in disturbing the packing of the P(3HB) lattice than 3-HV units and thus result in lower melting point, 
lower degree of crystallinity and higher strain at break. The use of PHA copolymers with a higher 
strain at break, 24HV and P3HB4HB, for wood composite production resulted in a slight but 
promising improvement in composite strain at break at the cost of lower composite tensile strength 
and tensile modulus. The inclusion of 4-HB comonomer was more effective at improving the strain 
at break of the composites than for the 3-HV comonomer. However, the higher impact toughness of 
24HV and P3HB4HB did not transfer to the composites. It is interpreted that the mechanical 
properties of the PHA WPCs were more governed by the rigid and brittle WF, with the polymer 
properties bringing limited influence to the bulk composite properties. This ties with the outcome 
from chapter 6 that the micro-structure of the composite matrix has a larger effect in composite 
properties.  
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 Long-term Indoor and Outdoor 
Stability of PHA/WF Composites 
This chapter includes a portion of the journal paper entitled “Mechanical performance and long-
term indoor stability of polyhydroxyalkanoate (PHA)-based wood plastic composites (WPCs) 
modified by non-reactive additives” and a modified version of the journal paper entitled 
“Mechanical and physical stability of polyhydroxyalkanoate (PHA)-based wood plastic composites 
(WPCs) upon natural weathering”.  
Reference:  
Chan, C. M., Vandi, L-J., Pratt, S., Halley P., Richardson, D., Werker, A., Laycock, B. (2018). 
Mechanical performance and long-term indoor stability of polyhydroxyalkanoate (PHA)-based 
wood plastic composites (WPCs) modified by non-reactive additives. European Polymer Journal. 
98, 337-346 
I participated substantially in the design of the experiment, the manufacturing of the composites 
and the characterisation of thermal and mechanical properties, imaging of the as-produced samples, 
as well as towards the interpretation of the results, and the development of the mechanism under 
supervision from fellow co-authors. I solely drafted the whole paper where the co-authors involve 
mostly during the critical revision process. 
Chan, C. M., Pratt, S., Halley P., Richardson, D., Werker, A., Laycock, B., Vandi, L-J. (2018). 
Mechanical and physical stability of polyhydroxyalkanoate (PHA)-based wood plastic composites 
(WPCs) upon natural weathering. Polymer Testing, 73, 214-221 
My contributions were made in all aspects including experimental design, field trial setup, 
characterisation of the materials, data analysis and interpretations of the results under the guidance 
of fellow co-authors. I was also involved substantially in the drafting of the paper and amending 
the draft based on the comments from my advisors (co-authors).  
 
The understanding and the optimisation of mechanical performance of PHA-based WPCs were 
thoroughly studied through the use of conventional and insightful techniques as presented in chapter 
6 and 7. The outcomes provided insights on the correlations between the composite micro-structure 
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and mechanical performance. These results contributed towards the development of a new high 
performance PHA-based wood plastic composites. However, the technical data sheet is not completed 
without the understanding of their stability, especially for biodegradable materials as they are often 
associated with concerns regarding their mechanical stability during their service life-time. Therefore, 
it is necessary to identify its product lifetime in use as identified as RO4.  
Considering the concerns on the in-service lifetime and the lack of information in the literature, there 
is a demand for real-time monitoring of the composite performance in indoor and outdoor 
environments. The results of this chapter are presented in two parts (chapters 8.2 and 8.3) with a 
combined introductory (chapter 8.1). The first part of this chapter extended the study on the effect of 
additives on initial composites’ properties to their indoor mechanical stability. The mechanical 
property results after 1 year of indoor conditioned aging was characterised. The second part of this 
chapter presented the results from the real-time outdoor natural weathering of PHA/WF composites. 
The effect of wood content was studied and the results were compared to PLA/WF and PE/WF under 
the same conditions. 
The major outcomes of this chapter are: 
 Wood-PHA composites were mechanically stable under indoor ambient conditions for at least 
1 year. 
 Talc offered complementary space-filling morphology and improved composite stiffness but 
this level of improvement was reduced after 1 year of ageing. 
 A mechanism for the weakened talc-PHBV interface upon ageing was proposed 
 Real-time UV exposure introduced a bleaching effect to neat PHBV but no significant changes 
in mechanical properties. 
 PHA/WF composites were found to behave similarly to PLA and PE/WF composites upon 
natural weathering. Wood was the species responsible for water uptake and mould growth, 
leading to mechanical deterioration in all composite samples. 
 PHBV with 20 wt% wood showed less sign of mould growth and less mechanical loss, which 
indicated the partial sealing of WF by PHBV during processing. 
 Introduction 
Given the market growth in interior and exterior applications, the durability of WPCs such as moisture 
resistance, weatherability and fungal attack resistance were needed to be addressed. It is well known 
that the hygroscopic nature of wood causes deterioration of mechanical properties of WPCs upon 
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moisture absorption. Studies on PP-based WPCs [Stark, 2001; Tajvidi et al., 2006] have shown that 
higher wood content led to higher total water absorption and faster mechanical deterioration upon 
water immersion. This is due to the incomplete encapsulation of wood reinforcement by the polymer 
matrix at higher wood contents [Stark, 2001]. Numerous studies have been targeted at understanding 
the weatherability of WPCs through natural and accelerated weathering [Badji et al., 2017; Fabiyi et 
al., 2008; La Mantia & Morreale, 2008; Peng et al., 2014; Stark & Matuana, 2007]. The decolouration 
of PP/WF composites (from brown to chalky white) was observed during accelerated weathering 
[Badji et al., 2017; Peng et al., 2014]. Lignin was identified as the major component that is responsible 
for photo bleaching of WPCs [Peng et al., 2014]. Loss in mechanical properties [La Mantia & 
Morreale, 2008], higher degree of surface roughness [Badji et al., 2017] and surface cracking [Fabiyi 
et al., 2008] upon UV exposure were also reported. The type of polymer matrices [Fabiyi et al., 2008] 
and processing methods [Stark & Matuana, 2007] also played a role in the weatherability of the 
resulting WPCs.  
To date, however, very little research has been conducted on the durability of the prototype 
PHA/wood composites. Christian et al. [Christian & Billington, 2012] and Srubar et al. [Srubar & 
Billington, 2013] investigated the moisture-induced mechanical deterioration of PHBV/oak WF 
composites and found that the addition of WF accelerated the deterioration of mechanical properties 
due to a higher degree of wood swelling that induced macroscopic surface cracking. However, there 
have been no studies on the effect of indoor and outdoor (non-soil) weathering on the durability of 
PHA-based WPCs [Faruk et al., 2012].  
Given the concerns over the mechanical stability of the prototype composites, it was of particular 
interest to investigate the long-term mechanical performance under servicing environment. In this 
study, the physical and mechanical stability of the composites under a controlled indoor environment 
and outdoor natural weathering were analysed.  
The first part of this work extended the study on the effect of additives on initial composites’ 
properties to indoor mechanical stability. The microstructure, thermal and mechanical properties of 
the composites with BN (0 and 1 wt%) and talc (0, 5 and 10 wt%) after 1 year of indoor conditioned 
aging was characterised and compared to the initial properties. 
In the second part of this work, composite samples based on PHBV and Pinus radiata WF with three 
different wood content levels (0, 20 and 50 wt%) were placed on an outdoor inclined rack at a fully 
monitored field trial site in sub-tropical Queensland, Australia (27.5o S, 152.9o E). Polylactic acid 
(PLA) and polyethylene (PE) composites containing 50 wt% WF were used as experiment reference 
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materials. The objective of this study was to understand the effect of outdoor (natural, non-soil) 
environmental exposure on the material properties of the composites. Their physical and mechanical 
properties were characterised over time.  
 Indoor stability of PHA/WF composites 
 Experimental procedure 
 Materials 
The composites samples used in this study are analogous to the samples from the study of the effect 
of additives (BN and talc) produced as described in chapter 6.2.2. Some of the extruded strips from 
each sample were separated and conditioned at controlled temperature 25○C and humidity of 50% for 
1 year. 
 Characterisation methods 
To understand the mechanical stability of the composites with additives after 1 year of controlled 
indoor ageing, the tensile properties (chapter 4.2.8.1), thermal properties and isothermal 
crystallisation kinetics analysis (chapter 4.2.3) of the composites were characterised. The properties 
were compared to that of the initial composites. Optical microscopy (4.2.11) and SEM (chapter 
4.2.13, uncoated freshly cut samples, Hitachi SU3550, accelerating voltage: 5 kV, spot size: 50, 
working distance: ~8 mm) were employed to study the micro-structure of the cross-sections of the 
extruded composites before and after indoor ageing.  
 Results and discussion 
 Mechanical stability 
The mechanical stability of PHBV/WF composites was evaluated by comparing their mechanical 
properties before and after 1 year of conditioned aging under constant ambient conditions (25○C and 
50% relative humidity) (Figure 8-1). The mechanical properties of the composite without additives 
were maintained after 1 year of conditioned aging. This was expected, as any biodegradation can only 
take place in with the active presence of microorganisms found in soil, landfill or sea water [Batista 
et al., 2010]. Similar results were also seen in the composite with 1% BN only. 
The mechanical strength and strain at break of the composite containing talc were retained. However, 
while these composite samples initially showed a significant improvement in modulus, interestingly, 
this improvement was reduced after 1 year. The tensile modulus of the composites containing 5 wt% 
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and 10 wt% of talc decreased from 6.9 ± 0.4 GPa to 6.4 ± 0.2 GPa and from 8.1 ± 0.7 GPa to 6.9 ± 
0.4, respectively, although they were still significantly stiffer (at the 95% confidence level) than the 
composites without additives after aging, which had a modulus of 6.0 ± 0.2 GPa. A reduction in 
modulus was also observed for the talc-containing composites which contained, in addition, 1 wt% 
BN.  
 
Figure 8-1 (a) Tensile strength, (b) modulus and (c) strain at break of PHBV/WF composites 
modified by BN and talc after 2 weeks (clear boxes) and after 1 year (striped boxes) of conditioned 
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aging. Data are presented as box plots indicating the maximum, 3rd quartile, median, 1st quartile and 
minimum value among ten duplicates. The mean values are noted in text to the right of each box 
plot. 
 Composite morphology 
It was discussed in chapter 6.2.3.3 that porosity level had an important role in determining the 
mechanical properties of PHBV/WF composites. The porosity content before and after conditioned 
aging were therefore determined. From Table 8-1, no notable difference was observed when 
comparing the porosity before and after aging. One can conclude that the change in material properties 
upon aging was not because of the change in porosity through aging. 
Table 8-1 Estimated porosity content of PHBV/WF (50/50) composite without additives (left) and 
composite with 10 wt% talc before and after 1 year of conditioned aging (data presented as mean ± 
95% confidence interval) 
Sample Estimated porosity content (average from 3 slices) 
Before After 1 year 
PHBV/WF (50/50) 3.9 ± 0.3% 3.7 ± 0.9% 
5% talc 2.6 ± 0.9% 2.8 ± 0.8% 
10% talc 1.8 ± 0.4% 2.0 ± 0.3% 
 
 Thermal properties 
Melting behaviour 
The melting and crystallisation behaviours before and after aging were quantified in order to assess 
the nucleating effect of BN in comparison with talc upon conditioned aging, with the quantitative 
data that describes the melting and non-isothermal crystallisation behaviour being presented in Table 
8-2.  
Similar values were obtained after 1 year of conditioned aging except for the composite without 
additives, for which the values decreased. This indicated that there was no notable difference in the 
degree of packing or structural order of crystal upon aging for all samples with additives.  
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Melt crystallisation behaviour 
Usually, the shift of Tc towards higher temperature indicates that crystallisation is occurring with a 
lower under-cooling energy (driving force) being required [Kai et al., 2005]. The crystallisation rate 
can also be estimated by the difference between the starting and ending temperatures (∆Tc) of the 
crystallisation peak [Liu et al., 2002]. Smaller differences mean that a shorter time is needed for the 
completion of crystallisation. The Tc and ∆Tc values also showed that the non-isothermal 
crystallisation behaviour of all composites has not changed after 1 year of conditioned aging.  
Glass transition behaviour 
The Tg values of all composite samples increased after 1 year of conditioned aging when compared 
to that after 2 weeks. The value of Tg depends on the degree of crystallinity and typically increases 
with crystallinity due to less mobile polymer chains [Pearce & Marchessault, 1994]. The observed 
higher Tg may be due to localised secondary crystallisation around the talc particles, which was not 
evidenced in the bulk crystallinity. Further analysis is required to fractionate the distribution of 
crystallinity throughout the PHBV matrix for verifying the hypothesis.  
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Table 8-2 Quantitative values describing the melting and melt non-isothermal crystallisation behaviour of composites after 2 weeks and after 1 year of 
conditioned aging produced using different types of additives 
Samples Tm 
(○C) 
∆𝑯𝒎 
(J/g·K) 
Tc 
(○C) 
∆Tc 
(○C) 
Tg 
(○C) 
 t = 2 wks t = 1 yr t = 2 wks t = 1 yr t = 2 wks t = 1 yr t = 2 wks t = 1 yr t = 2 wks t = 1 yr 
PHBV/WF 
(50/50) 
167 168 82 74 107 107 18 17 3.0 6.2 
5% talc 168 163 82 81 117 119 10 11 3.4 6.4 
10% talc 167 168 85 84 119 120 10 10 3.0 6.0 
1% BN 168 168 76 81 121 121 9 10 3.0 6.0 
1% BN 
5% talc 
168 169 80 77 122 122 9 9 2.9 6.2 
1% BN 
10% talc 
168 168 78 80 123 122 9 9 3.2 6.1 
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 Isothermal crystallisation kinetics 
Isothermal crystallisation kinetic analyses were performed on the samples after initial aging (i.e. 2 weeks 
after extrusion) and after 1 year of conditioned aging to assess the change in crystallisation kinetics after 
aging under constant ambient conditions. The Avrami and Hoffman-Weeks analyses were applied. The 
details were described previously in chapter 6.2.3.5. 
Avrami analysis 
The k and inverse half-life values of all composites before and after 1 year of conditioned aging are 
presented in Figure 8-2. All composites exhibited a reduction in crystallisation rate after 1 year of 
conditioned aging at ambient temperature, as evidenced by the lower k and 1/t1/2 values. In other words, 
it took more time for the PHBV crystals to re-form after aging and then melting. Such aging effects could 
have a number of explanations. WF was subject to moisture uptake during aging. The water content 
normalised to wood content increased from an average among all composite formulations of 0.78 ± 
0.09% to 4.0 ± 0.2% after 1 year of conditioned aging. It has been suggested that the presence of moisture 
lowered the thermal stability of biopolyesters and thus they became more prone to random chain scission 
[Kim et al., 2008]. However, these samples were stored under ambient conditions, so an increase in 
thermal degradation is unlikely to be the cause. Hydrolytic chain scission, even though known to be slow 
when not catalysed by enzymes, may play a role over 1 year of conditioned aging. The absorbed moisture 
throughout the aging period could also lead to the swelling of WFs with the formation of residual stresses 
within the WPCs matrix. This swelling could possibly restrict the mobility of the PHBV chains, 
contributing to the reduction in crystallisation rate.  
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Figure 8-2 Avrami k values and inverse half-life as determined experimentally 
Hoffman-Weeks equation 
The results from Hoffman-Weeks analysis are summarised in Table 8-3. A close to linear fit (r2 ~ 0.96) 
throughout the temperature range was obtained from both the control and the composite containing BN. 
The 𝑇𝑚
0  of BN-containing samples increased after 1 year of conditioned aging. With the presence of BN, 
PHBV may be reorganised to more perfect crystals throughout the aging period. Such an observation 
was not found in talc-containing composites without BN, which also indicates a different nucleating 
effects between BN and talc as discussed in chapter 6.2.3.5. 
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The 1/𝛾 values of the composites after 2 weeks and 1 year of conditioned aging are presented in Table 
8-3. A 1/𝛾 value of 0 represents the most stable crystals where Tm = 𝑇𝑚
0  at all 𝑇𝑐, 𝑖𝑠𝑜, where a value of 1 
is indicative of inherently unstable crystals [Laycock, Bronwyn et al., 2014a]. The 1/𝛾 values increased 
in all samples after aging, which implies that more unstable crystals were formed in the samples after 1 
year of conditioned aging. Such an observation may be a result of the chain mobility effects by which 
the chains were harder to pack in to stable crystals if their mobility was restricted [Hoffman & Weeks, 
1962]. This interpretation agreed also with the results from the glass transition temperature analysis. It 
may also be evidence for the re-organisation of PHBV crystals throughout the aging period. Such 
reordering of crystals is common in PHBV, which has always been associated with slow secondary 
crystallisation [Di Lorenzo & Righetti, 2012]. It has been shown that secondary crystallisation introduced 
shrinkage of the PHA matrix [De Koning & Lemstra, 1993].  
Table 8-3 Isothermal melting temperature and final to initial lamellar thickness as determined from 
Hoffman-Weeks plots 
Samples 𝑻𝒎
𝟎  (○C) 1/𝜸 
t = 2 wks t = 1 yr t = 2 wks t = 1 yr 
PHBV/WF 
(50/50) 
180 182 0.15 0.19 
5% talc 190 191 0.27 0.29 
10% talc 187 191 0.24 0.30 
1% BN 188 196 0.25 0.33 
1% BN 
5% talc 
192 200 0.30 0.38 
1% BN 
10% talc 
188 195 0.25 0.33 
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 Proposed mechanism 
It is proposed that the combination of factors including the bulk or localised shrinkage of PHBV matrix 
and the swelling of wood could cause the reduction in stiffness from talc-containing composites. A 
schematic diagram that illustrates the mechanism is presented in Figure 8-3. After 1 year of conditioned 
aging, the shrinkage of PHBV could pull the matrix away from both fillers thus decreasing the adhesion 
between these composite components. The swelling of wood could also contribute to the change in 
dimensions within the PHBV matrix. The proposed explanation was based on the difference between 
wood flour and talc as a reinforcement or filler, with talc being more rigid, less flexible and has a lower 
tensile and shear strength than wood flour. Talc is therefore harder to cope with the structural changes 
brought about by the shrinkage of PHA and the swelling of wood. The localised stress could be 
concentrated on the talc interfaces and thus may introduce cracks within the talc particles and voids along 
the talc-PHBV interfaces. The wood-PHBV interface is more likely still intact due to the high tensile 
strength and softness of wood. Cracks and weakened talc-PHBV interfaces could cause the reduction in 
stiffness of those composites containing talc after 1 year of conditioned aging.  
 
Figure 8-3 Schematic diagram for the hypothesis on the weakened PHBV-talc interface 
In order to visualise the appearance of the talc particles after aging, cross-sections of composite samples 
with 10 wt% talc that were conditioned for more than 1 year were observed under SEM in back scattered 
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electron mode. Composites that were freshly prepared using the exact same extrusion set-up were also 
imaged for comparison. Figure 8-4a – d show the SEM micrographs of the fresh and aged composite 
samples at two different magnification. The bright white particles represent the talc as indicated in Figure 
8-4a and b.  
The observations from SEM analysis were consistent with the proposed mechanism. By comparing 
between Figure 8-4b and d, more fractured talc particles was observed from the sample after aging than 
for the fresh sample. Phase separation was also observed on the talc-PHBV interface of the aged sample. 
In general, the talc particles were more intact inside the fresh composite than those that were aged for 1 
year. This provides qualitative support for the proposed mechanism of talc cracking and weakened talc-
PHBV interfaces during aging.  
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Figure 8-4 SEM micrographs under back scattered electron mode of PHBV/wood composite samples 
with 10 wt% talc that were freshly prepared (a), (b) and aged for at least 1 year (c), (d) at two different 
magnifications 
 Summary 
In this work, the indoor long-term stability of WF/PHBV composites was studied. The addition of 5 and 
10 wt% of talc resulted in an improvement in the initial properties of PHBV-based wood plastic 
composites. The mechanical properties of the prototype composites were maintained after 1 year of 
conditioned aging at ambient temperature, supporting an expectation for in-service mechanical stability 
of biomaterials. Still, while composite samples containing talc showed a significant improvement in 
performance, the level of improvement was reduced after 1 year of conditioned aging.  
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The addition of both BN and talc increased the rate of crystallisation of the composites, with BN being 
found to be a more effective nucleating agent after 2 weeks of conditioned aging. However, a reduction 
in crystallisation rate and lamellar thickness on remelting then recrystallising as well as an increase in 
glass transition temperature were observed in all composites samples after 1 year of conditioned aging. 
Thus there were microstructural changes that require further understanding for advanced engineering and 
control. It is proposed that the combination effects of multiple factors such as the swelling of wood 
through moisture uptake, the shrinkage of PHBV through secondary crystallisation and the localised 
stress around talc particles could lead to a weakened talc-PHBV interface. Cracks within the talc particles 
and the weakened talc-PHBV interfaces could develop and result in reduced stiffness, which was 
evidenced by SEM analysis on a qualitative basis. Future research is directed towards a better 
understanding of the mechanism for developing strategies to mitigate such aging effect. A possible way 
could be the application of hydrophobic coating such as silicone coating to minimise moisture absorption 
by the wood. 
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 Outdoor natural weathering of PHA/WF composites 
 Experimental procedure 
 Materials  
The TianAn PHBV and WF as described in chapter 4.1 were used in this chapter. PLA (IngeoTM 2003D) 
and HDPE (EL-Lene H5818J) pellets used for the reference PLA/WF and PE/WF composites materials 
were obtained from Natureworks and SCG Chemicals respectively.  
 Extrusion processing 
The formulations with associated sample identification are summarised in Table 8-4. The optimised 
extrusion process, which was described in chapter 4.2.1, was used to produce the composites containing 
the commercial TianAn PHBV. To achieve a uniform thickness across all samples, an additional 
processing step was added. The rectangular strips were melt-pressed using a frame of 10 x 10 cm under 
a Carver hydraulic press at 180○C with 5 tonnes of force for 2 min to produce consistent flat sheets with 
a thickness of 1.6 mm. 
The extruder set-up was modified for extrusion of the dried PLA/dried WF and PE/dried WF mixes, due 
to their different melt temperatures and viscosities. Two Gravimetric spring feeders were calibrated to 
deliver a 50/50 polymer to wood ratio by weight into the screw. A screw speed of 100 rpm, a maximum 
barrel temperature of 210○C and a die temperature of 160○C were employed for both PLA and PE 
composites. A kneading section was included at the one-third mark to facilitate mixing between the 
polymer pellets and WF. The rectangular strips were then melt-pressed at 200○C with 5 tonnes of force 
for 2 min to produce consistent flat sheets with a thickness of 1.6 mm. 
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Table 8-4 Composite formulations for the study of the effect of additives (BN and talc) 
Samples PHBV (wt%) PLA (wt%) HDPE (wt%) WF (wt%) 
PHA0W 100 -- -- -- 
PHA20W 80 -- -- 20 
PHA50W 50 -- -- 50 
PLA50W -- 50 -- 50 
PE50W -- -- 50 50 
 
 Experimental set-up 
The melt-pressed sheets were laser cut to produce 70 x 15 mm rectangular specimens for outdoor 
exposure. The specimens were clipped, as shown in Figure 8-5, onto an unbacked 45o inclined aluminium 
rack according to ASTM G7 standard, with one surface facing the sun and the other in the shade. The 
rack was placed facing the equator at a fully monitored field trial site in sub-tropical Queensland (27.5o 
S, 152.9o E). On-site weather data including temperature range, total rainfall and solar radiation were 
recorded. Specimens were collected after 1, 2, 3.5, 6 and 12 months for physical and mechanical 
characterisation.  
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Figure 8-5 Unbacked 45o inclined aluminium exposure rack used in this study (with samples attached) 
 Characterisation methods 
To understand the mechanical stability of the composites upon natural weathering, the physical 
appearance, the molecular weight (by GPC analysis, chapter 4.2.5), thermal properties (chapter 4.2.3) 
and tensile properties (chapter 4.2.8.1) of the composites were characterised. SEM (chapter 4.2.13, 30 
nm Iridium coated, JOEL 6460 and JOEL 6610, accelerating voltage: 5 kV, spot size: 50, working 
distance: ~8 mm) was employed to study the micro-structure of the bottom surfaces of the extruded 
composites. All the details described in chapter 4.2 apply to this study. Additional characterisation 
methods are outlined below.  
Colour measurement 
The colour analysis of all samples was performed using the Adobe Photoshop software. The samples 
were scanned using a document scanner with a white background. The colour of the scanned images 
were determined by using the eyedropper tool with a 31 by 31 average across the sample according to 
the CIE 1976 L*, a*, b* colour space. L* (from 0 to +100) represents lightness: an increase in L* indicates 
a lighter colour. a* and b* (from -300 to +300) represent colour components from green to red and from 
blue to yellow respectively. The mean values were obtained from the analysis of 5 areas of each 3 
replicate samples.  
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Bio-sequencing 
Periodic monitoring of the microbial biomass from the parent reactor was performed using 16S rRNA 
gene sequencing. Samples were cut into small pieces of less than 0.5 mm in length. They were then 
placed into a PowerBead tube and secured horizontally using a PowerLyzer® 24 Bench Top Bead-Based 
Homogenizer and vortexed at maximum speed for 45 seconds. DNA extraction was performed using the 
Fast DNA®SPIN Kit for Soil (MO BIO Laboratories, Inc.) according to the manufacturer’s protocols. 
Extracted DNA was sent to the Australian Centre for Ecogenomics sequencing facility for Illumina iTag 
sequencing and data processing. Returned 16S rRNA gene sequences that met the quality threshold were 
clustered using a 95% cut-off and used for community composition analyses. 
 Results and discussion 
 Tensile properties  
The tensile strength, tensile modulus and strain at break values for the composites over time are presented 
in Figure 8-6a, b and c respectively. Although photo-bleaching of the PHBV was observed, the 
mechanical properties were maintained upon natural environmental exposure (non-soil sunlight and 
rainfall) over a 12 month period. This agrees with the literature, which suggested that the biodegradation 
of PHBV and thus mechanical deterioration of PHBV was only activated by the presence of 
microorganisms such as fungi [Oda et al., 1995] or bacteria [Batista et al., 2010]. Interestingly, the tensile 
modulus of neat PHBV increased and its strain at break decreased during the first 2 months of weathering. 
Similar mechanical changes were also reported in an accelerated weathering study on PHBV under long-
wave irradiation (UVA, at 340 nm) [Wei & Mcdonald, 2016]. UV-induced cross-linking was usually 
associated with the above mechanical changes for PE [Hussein, 2007; Raab et al., 1982]. However, 
aliphatic polyester such as PHA and PLA have been shown to undergo both chain scission and chain 
recombination rather than cross-linking [Sadi et al., 2010; Stloukal et al., 2012]. The constant tensile 
strength suggested that the chain recombination mechanism was more dominant than chain scission 
throughout the exposure time period. 
On the other hand, the mechanical strength (Figure 8-6a) and stiffness (Figure 8-6b) of the composites 
containing 50 wt% wood decreased throughout the 12-month weathering period. The deterioration was 
initiated within the first month of exposure. It was observed that PLA50W had a more substantial drop 
in the tensile strength throughout the exposure time when compared with PHA50W and PE50W. These 
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decreases were considered to be due to the introduction of surface/bulk defects brought about by the 
mould growth. Such defects could act as initiation points for crack propagation through the bulk, leading 
to earlier failure. It can be seen that the presence of microorganism that led to PHA and wood degradation 
was not only in soil and marine environment, but also in moist and mouldy environment when a 
hygroscopic substrate such as wood is presence. Upon weathering, the as-colonised fungal hyphae cells, 
which were presumably associated with the wood particles, could loosen the wood-polymer interfaces 
through enzymatic erosion or mechanical action. Thus, the load in this case would not be effectively 
transferred and this could lead to mechanical deterioration. In contrast, the mechanical strength and 
stiffness of PHA20W were maintained for the first 6 months but then slightly decreased over the period 
from 6 to 12 months, although less substantially than for PHA50W. These observations supported the 
hypothesis that, at low wood content, the wood particles could be partly sealed by the PHBV matrix, 
acting as a barrier to fungal attack [Stark, 2001]. 
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Figure 8-6 The (a) tensile strength, (b) tensile modulus and (c) tensile strain at break of all unaged and weathered samples at different 
exposure times showing the mean values with error bars representing 95% confidence interval (PE50W samples at the 3.5 and 6 month time 
point were lost, therefore not shown in the above graphs). 
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 Physical appearance 
Figure 8-7 shows the visual appearances of both surfaces (FRONT: facing the sun and BACK: in the 
shade) of the unaged and weathered composite samples at five different exposure times (1, 2, 3.5, 6 and 
12 months). Whitening was clearly observed on the surface exposed to UV sunlight for all samples 
including neat PHBV (Figure 8-7 top row). Such a bleaching effect on all samples suggested that both 
PHBV and WF contained chromophores that can be modified through UV radiation.  
The colour changes through UV sunlight exposure were quantified using the CIE Lab colour scale, with 
Figure 8-8 showing the changes in colour properties (ΔL*, Δa*and Δb*) of the surface facing the sun for 
all samples. The changes were calculated by subtracting the colour values of the weathered samples from 
those of the initial samples.  
As can be seen in Figure 8-8a, the ΔL* values increased for all composites after 1 month but then 
decreased afterwards, except for the sample containing 20 wt% WF (PHA20W), which showed a gradual 
increase in lightness throughout the 12 month period. Unlike PP, which showed no changes in colour 
upon UV exposure [Badji et al., 2017; Peng et al., 2014], neat PHBV showed an increase in the ΔL* 
value (lighter in colour) after 1 month and then stabilised. The Δa* values (Figure 8-8b) decreased (i.e. 
the redness was reduced) gradually throughout the first 2 months for all samples and then stabilised. 
There was less of a change for neat PHBV than for the composites.  
In terms of yellowness, all samples including neat PHBV showed steep decreases in yellowness over the 
first 3.5 months of UV exposure, with limited differences between samples (Figure 8-8c). The UV-
activated reduction reaction of the quinone structures in lignin has been proposed to result in a decrease 
of yellowness and thus a decrease in b* values [Muasher & Sain, 2006], which could explain the observed 
decrease in yellowness in the wood composite samples. A similar trend of decrease in b* values for neat 
PHBV suggested that similar types of chromophores could be present in both the PHBV and WF. The 
photo-bleaching reaction could also be similar; however, a deeper study has to be conducted to fully 
explain the yellowish colour in processed PHBV which may be related to residual biomass components 
or to by-products formed during extrusion [Badji et al., 2017; Peng et al., 2014].  
The colour values for all samples remained steady after 2 months of UV sunlight exposure i.e. the photo-
bleaching reactions were complete. The weather data showed a total accumulated solar radiation of 1040 
MJ/m2 was applied to all samples over this time. It could be inferred that a post-manufacture UV-
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treatment of samples by exposure to 1040 MJ/m2 irradiation could be used for achieving a whiter colour 
of PHBV and its composites with wood. However, this does not take into account any damage caused 
using such a process.  
The physical appearances of the composites was affected by aging (Figure 8-7 bottom row), mould 
growth (the black regions in Figure 8-7) was found on the shaded surface of all of the composites 
containing 50 wt% of WF within 2 months. It is well-known that mould growth requires a moist 
environment and the supply of substrate and/or niche microenvironments such as found in the 
unprotected wood phase [Xu et al., 2015]. Since the composite materials used in this studies were 
uncoated, the exposure of wood to the environment therefore depended only on the wetting of the fibre 
by polymer through extrusion processing. At 50 wt% loading, the wetting of WF was less perfect due to 
the large surface area. All samples had experienced natural dry/wet cycles through rainfall (accumulated 
rainfall of 890 mm throughout the period) and sunlight (day/night) cycles. More moisture was naturally 
retained on the shaded surface leading to increased susceptibility to mould growth on this side. During 
the outdoor weathering, the WF in the composites was exposed to air and moisture that stimulated mould 
growth. The fungal hyphae could cause the biodegradation of wood and maybe PHA from the surface in 
the shade and introduced defects. The defects acted as an initial point of crack propagation and thus the 
samples could bear a lower load, as demonstrated from the deteriorated mechanical properties from 
PHA50W, PLA50W and PE50W within the first month of outdoor exposure. Although the mould attack 
was a surface effect, the dent could be a weak point for the composite where cracks were initiated. 
On the other hand, very few signs of mould growth were observed on the PHA0W and PHA20W samples 
after 12 months of weathering. Since PHBV is a hydrophobic material, the limited mould growth on 
PHBV supported a proposal that the mould growth requires a moist environment and the supply of 
substrate such as wood [Xu et al., 2015]. Without that, the neat PHBV plaques did not promote mould 
growth and the mechanical properties were retained. As stated above, the wetting of the WF by polymer 
was the dominating factor for mould growth. At 20 wt% loading, the WF was partially encapsulated by 
the hydrophobic PHBV such that the PHBV matrix may at least in part encapsulate the wood particles 
acting as something of a barrier to the fungi [Stark, 2001]. The moisture absorption of WF in PHA20W 
was inhibited by the slow water diffusion through the PHBV matrix. Therefore, the mechanical properties 
of PHA20W were retained until the mould growth was initiated and introduced defects after 6 months.   
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Figure 8-7 Visual appearances of all unaged and weathered samples at five different exposure times (1, 2, 3.5 and 6 months) FRONT (top 
row): the surface facing the sun; BACK (bottom row): the surface in the shade 
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Figure 8-8 Changes in CIE Lab colour parameters of the surface facing the sun of all composites 
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 Scanning electron microscopy (SEM) 
Figure 8-9 shows the SEM micrographs of the shaded (mouldy) surfaces of all samples before and after 
12 months of weathering. No observable micro-organisms were evidenced on the surface of neat PHBV 
(PHA0W) after 12 months of natural weathering. When comparing the lower magnification images 
between PHA20W and PHA50W, a denser network of fungal hyphae cells was observed for the PHA 
composites with higher wood content. A network of long fungal hyphae cells with an average diameter 
of around 5 µm including a colony of ~3 µm diameter spores was observed on the surfaces of all 
composites containing 50 wt% WF. Such a network of long, filamentous fungal hyphae and spherical 
spores is commonly seen in decayed woody materials [Hammer et al., 2014; Xu et al., 2015].  
Surface roughness with visible divots was observed before weathering for the composites containing 50 
wt% WF due to incomplete mixing or imperfect wetting of the WF during processing. It can be seen 
from the SEM images that the fungal cells attacked the accessible wood particles created by processing 
and created deeper divots on the surfaces. Thus, the fungal cells could access deeper WF particles inside 
the composite matrix and create voids.  
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Figure 8-9 SEM micrographs of the surface in the shade of all samples (in rows) before weathering 
(left column) and after 12 months at 100x magnification (middle column) and after 12 months at higher 
1000x magnification (right column), showing the cell structure of the as-colonised fungal hyphae.
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 Bio-sequencing 
The organisms present were identified using 16S rRNA gene sequencing, and the relative abundance 
profiles (Order level) of all the samples after 6 months of natural weathering are presented in Figure 
8-10. As expected, fungi had the highest relative abundance in all composites. PHA composites, both 
20W and 50W, showed a lower relative abundance of fungi (70%) when compared to PLA50W and 
PE50W, which had 87% and 81% abundance, respectively. Instead, PHA composites had a higher 
relative abundance of Rhizobiales, which are nitrogen-fixing bacteria that are symbiotic on plant roots. 
Although the abundance profiles of PHA20W and PHA50W showed no difference, it is suspected that 
the absolute amount of rRNA obtained from PHA20W was lower than for PHA50W. Neat PHBV had a 
much lower relative abundance of fungi (21%) alongside a mix of different bacteria (including Bacillales 
and Rhizobiales), where the total bacteria shared a higher proportion of the RNA than fungi. The lower 
relative abundance of fungi for all PHBV containing samples suggests that PHBV may show potential 
for fungal resistance but is likely more susceptible to bacterial attack.  
 
Figure 8-10 Abundance profiles of all samples after 6 months of natural weathering (order level). 
Orders with relative abundance less than 1% were combined into “others”. 
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 Weight loss and Molecular weight 
Based on the visual evidence of fungal network on the surface of the samples, it was hypothesised that 
the fungal cells could attack the WF and lead to wood decay. To test this hypothesis, the dry weight loss 
values of the samples after 12 months of weathering were determined using the following equation: 
% 𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝐹𝑖𝑛𝑎𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 12 𝑚𝑜𝑛𝑡ℎ𝑠 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
× 100% 
The % dry weight loss values are given in Table 8-5. Minimal weight loss was observed from neat PHBV. 
The weight loss increased with increasing wood content, which correlates to the observed denser fungal 
cell network in samples with higher wood content. When comparing between the composites with 50 
wt% WF, higher weight loss values were found in PLA50W and PE50W composites when compared to 
PHA50W. This indicates that more wood particles were decayed by fungal attack for the PLA50W and 
PE50W samples, which is consistent with the observed higher relative abundance of fungi in the bio-
sequencing results.  
Table 8-5 Dry weight loss of all samples after 12 months of natural weathering (data presented as mean 
value ± 95% confidence interval) 
Sample Dry weight loss after 12 months (%) 
PHA0W 0.22 ± 0.05 
PHA20W 3.3 ± 0.3 
PHA50W 4.9 ± 0.2 
PLA50W 6.5 ± 0.2 
PE50W 6.6 ± 0.1 
 
To assess whether the natural weathering caused degradation of remaining PHBV chains, the molecular 
weight values were characterised. The molecular weight values of PLA50W were also determined as 
reference. The number-average molecular weight (𝑀𝑛̅̅ ̅̅ ), weight-average molecular weight (𝑀𝑤̅̅ ̅̅̅) and 
polydispersity (PDI) are shown in Figure 8-11a, b and c, respectively. Both the PHA0W and PHA20W 
showed slight decreases in both 𝑀𝑛̅̅ ̅̅  and 𝑀𝑤̅̅ ̅̅̅ over time. These results indicated that the combination of 
UV exposure, rainfall cycle and fungal growth led to some chain scissioning of the polymer chains (either 
at the surface or throughout). On the other hand, while the 𝑀𝑛̅̅ ̅̅  values for the PHA50W samples also 
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decreased slightly throughout the period, the 𝑀𝑤̅̅ ̅̅̅ values remained roughly the same, with 𝑀𝑛̅̅ ̅̅  being more 
sensitive to changes to the proportion of low molecular weight and hence indicating the possible loss of 
some of this fraction. PHA50W had a lower 𝑀𝑤̅̅ ̅̅̅ initially when compared to PHA0W and PHA20W, 
possibly due to the presence of moisture in the wood, which could facilitate hydrolytic chain scissioning 
of the PHA during processing [Kim et al., 2008]. The 𝑀𝑛̅̅ ̅̅  and 𝑀𝑤̅̅ ̅̅̅ values of PLA in PLA50W were lower 
than for the PHA50W initially but also showed slight decreases in 𝑀𝑛̅̅ ̅̅  and 𝑀𝑤̅̅ ̅̅̅ over time, meaning that 
chain scissioning was also observed in the PLA samples. As can be seen in Figure 8-11c, the PDI values 
for all samples were similar throughout the 12-month natural weathering period suggesting that the 
distribution of molecular weight did not change significantly after weathering.  
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Figure 8-11 The (a) number-average molecular weight (𝑀𝑛̅̅ ̅̅ ), (b) weight-average molecular weight (𝑀𝑤̅̅ ̅̅̅) and (c) polydispersity (PDI) of all 
unaged and weathered samples against exposure times  
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 Thermal properties 
The melting and crystallisation behaviour of PHBV and its composites were also analysed in order to 
fully understand the effect of weathering/UV exposure. The melting temperature (Tm) and the enthalpy 
change during melting (∆Hm) are presented in Figure 8-12a and b, respectively. The melting temperatures 
of PHBV and its composites remained relatively constant throughout the 12 month exposure. This 
suggested that the bulk crystal structures of the PHBV matrix were not significantly influenced by the 
exposure to natural UV during weathering. It is proposed that any surface changes induced by cross-
linking may affect the mechanical properties but the bulk properties will remain unchanged. It has already 
been shown that the bulk properties of PHBV such as melting point were stable upon UV exposure even 
with an observed decrease in molecular weight from 350 to 130 kDa [Wei & Mcdonald, 2016] unless the 
polymer was exposed to high energy sources such as gamma [Mitomo et al., 1994] or electron irradiation 
[Bergmann et al., 2007]. The UV exposure to sunlight may not be sufficient to influence the lamellar 
structure of PHBV and thus the melting temperature [Wei & Mcdonald, 2016]. Under stronger energy 
sources, PHBV could undergo chain scission, accompanied by cross-linking mainly in the amorphous 
region, which led to change in the bulk crystal structure and lower the melting temperature [Bergmann 
et al., 2007]. 
The ∆Hm from the 1st heating scan of all samples are shown in Figure 8-12b. No clear trends were 
observed over the tested exposure time. ∆Hm has been shown to be directly proportional to the ‘equivalent 
weight’ crystallinity of PHBV [Chen & Hwang, 1995]. Therefore, the result indicated that the bulk 
crystallinity of the PHBV was not affected by natural weathering.  
The melt crystallisation temperatures (Figure 8-12c) of all PHBV samples, both neat and composite, 
increased after 1 month of weathering and then stabilised. In other words, a nucleating effect was 
introduced to the polymer in the melt after 1 month of natural weathering. Exposure to UV had a 
nucleating effect on PHBV, with trace cross-linked particles acting as seeds to promote polymer 
crystallisation. Such a nucleation effect of in-situ cross-linked particles has been reported in a study with 
isotactic PP [Zhang et al., 2013]. Higher chain mobility through random chain-scission reactions could 
also explain the phenomenon. 
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Figure 8-12 The (a) melting temperature, (b) melt crystallisation temperature and (c) equivalent crystallinity values of all unaged and 
weathered PHBV and PHBV/WF composite samples at different exposure times.
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 Summary 
In this work, the effect of natural weathering on neat PHBV and PHBV/WF composites was studied, 
using PLA/WF and PE/WF composites as reference materials. Neat PHBV and PHBV/20 wt% WF 
plaques showed stable mechanical properties over a 12 month period. However, the tensile strength and 
modulus of the composites (all polymer types) made with 50 wt% dropped after 12 months of weathering. 
Such decreases were considered to be due to the introduction of surface/bulk defects and the worsened 
wood-polymer interfaces brought about by fungal attack. Real-time sunlight UV exposure introduced a 
bleaching effect to all samples including neat PHBV but had no significant effect on mechanical 
properties. On the other hand, mould grew slowly on the shaded surface of all of the composites 
containing 50 wt% WF, independent of the polymer type. The trapped moisture and the bulk supply of 
substrate (the unprotected wood phase) contributed to the mould growth, which led to weight loss from 
fungal attack. Neat PHBV showed no sign of mould growth and negligible dry weight loss. A less dense 
fungal cell network and lower dry weight loss values were observed on the PHA20W composite when 
compared to PHA50W. At a lower wood content, the PHBV matrix may have provided a partial barrier, 
coating the wood. Interestingly, lower relative abundance of fungi was shown in all PHBV containing 
samples, suggesting that PHBV may show potential fungal resistance properties. However, it is likely 
more susceptible to bacterial attack. Future work will be directed to investigating the effect of PHA 
coating on the stability of the mechanical properties of PHA WPCs following outdoor aging. 
 Chapter summary 
This chapter extended the understanding on the relationship between the micro-structure and mechanical 
properties of PHA/WF composites and their correlations with mechanical stability. The outcomes 
fulfilled the need from the lack of information in literature on the mechanical stability of biodegradable 
composites. It also provided insights into the in-service stability of PHA/WF composites in indoor and 
outdoor environment, addressing RO4. Results from real-time study proved that the composites were 
mechanically and physically stable under indoor ambient conditions for at least 1 year. The stiffness 
improvement brought about by the addition of talc presented in chapter 6 reduced after 1 year of indoor 
ageing. With evidence from SEM visualisation, the weakened talc-PHA interface from PHA shrinkage 
and WF swelling was proposed to be the mechanism. Under the outdoor environment when exposed to 
excessive moisture, mould grew on the surface in the shade and led to worsened mechanical properties 
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of the uncoated composites, independent of the polymer type. It should be noted that the detrimental 
mechanical stability is not associated with the use of PHA as the matrix but is associated with the 
hygroscopic WF, exposed by the uncoated composite surface.  
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 Complete Characterisation of the 
Biodegradation of PHA/WF Composites 
This chapter includes an accepted manuscript entitled “Insights into the biodegradation of PHA / 
wood composites: Micro- and macroscopic changes”.  
Reference: 
Chan, C. M., Vandi, L-J., Pratt, S., Halley P., Richardson, D., Werker, A., Laycock, B. (2019). 
Insights into the biodegradation of PHA / wood composites: Micro- and macroscopic changes. 
Sustainable Materials and Technologies, (accepted for publication) 
As the first author of this journal paper, I participated substantially in the design of the experiment, 
the manufacturing of the composites, the wet-up of the field trial and the characterisation of 
mechanical properties and imaging of the as-produced samples, as well as towards the 
interpretation of the results, under supervision from fellow co-authors. I solely drafted the whole 
paper where the co-authors involve mostly during the critical revision process. 
 
The studies so far have been answering research questions around the in-service performance of 
PHA/WF composites, an optimised process and the understanding on their mechanical performance have 
been developed. While developing a novel biodegradable material, it is vital to develop knowledge on 
the other side of the materials’ life. Biodegradability has been highlighted as a unique advantage of 
PHA/WF composites over other wood plastic composites. However, the current literature has been 
focused on presenting the weight loss of the composites upon soil burial but lacks data on the 
interconnections between biodegradation and mechanical durability, and the underlying mechanism of 
the effect of wood reinforcements upon soil burial. Overall, advances in material development are far 
ahead of an understanding of lifetime analyses of this emerging biodegradable composite material. It is 
therefore necessary to fully characterise the biodegradability of PHA/WF composites in practical real-
life contexts such as in soil under ambient outdoor conditions.  
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This chapter presented a comprehensive study of the biodegradation of PHA/WF composites in soil under 
ambient conditions in a fully monitored outdoor environment, addressing RO5. This study analysed the 
interconnections of the macroscopic (weight loss, mechanical properties), microscopic (micro-structure) 
and chemical (oxygen consumption) changes throughout one full year. The effect of wood content was 
studied and the results were compared to PLA/WF and PE/WF under the same conditions. 
The major outcomes of this chapter are: 
 Melt processed neat PHBV was dense with very little porosity, which led to a slow rate of 
degradation via surface erosion.  
 An increase in wood content led to an increased rate of degradation and a decrease in mechanical 
stability upon soil burial. 
 The results from the lab-scale anaerobic CO2 evolution study supported the weight loss results 
from field trial, indicating full conversion to CO2 and water, as expected. 
 PLA and PE composites with 50 wt% WF showed minimal signs of degradation after one year, 
which suggested the partial masking of the WF by the non-degradable matrix. 
 Moisture-induced stress cracking was observed for all composites with 50 wt% wood 
independent of polymer matrices but the cracking alone did not lead to a complete loss of 
mechanical properties. 
 Stress cracking loosened the wood-PHA interface, enabling bacteria and fungi to access PHBV 
in the bulk for accelerated biodegradation, leading to the formation of interconnecting pores and 
cracks, with crack propagation and mechanical failure readily resulting from an applied stress. 
 Introduction  
The above chapters have demonstrated the potential of biodegradable PHA-based WPCs. Among all the 
PHAs, poly(3-hydroxybutyrate) (P(3HB)) and its copolymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) are the most common polymer matrices used in WPCs. In the literature, 
however, the majority of the studies have been focused on improving the interfacial adhesion between 
wood and polymer through various compatibilisation techniques [Chan et al., 2018a; George et al., 2001; 
Kalia et al., 2009]. Biodegradability has been highlighted as a unique advantage of PHA-based WPCs 
composites in most studies but there has been limited research into the biodegradation kinetics and 
mechanisms of these materials [Chan et al., 2018a].  
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A few studies have characterised the biodegradation of PHA-based WPCs in soil with a focus on the 
effect of the reinforcement. These studies produced mixed results. Avella et al., for example, investigated 
the biodegradation of PHBV/wheat straw composites containing 30 wt% of wheat straw and found that 
the weight loss of the composites was similar to that of the neat PHBV after 6 months of incubation in 
soil under controlled temperature and humidity conditions in an indoor environment [Avella et al., 
2000a]. By contrast, Peterson et al. measured the weight loss of PHBV/wood fibre composites containing 
a wood content of up to 25 wt% in soil at elevated temperature (40○C) for up to 5 weeks [Peterson et al., 
2002]. The biodegradation rate increased with increasing wood content up to 15 wt% loading and then 
decreased gradually when the loading was further increased to 25 wt%. Contradictory results were also 
reported in another study on the degradation of PHBV/peach palm particle biocomposites containing up 
to 25 wt% of peach palm particles in fertile soil under an indoor environment. After 5 months, it was 
found that the composites with higher wood content degraded faster than neat PHBV in soil, based on 
visual analysis [Batista et al., 2010]. Similar results were also obtained in other studies, with one finding 
that the introduction of WF accelerated the biodegradation of PHB/WF composites as evidenced by a 
larger weight loss upon soil burial after 12 weeks [Wu, 2006], and another reporting that the mechanical 
loss from PHB/WF composites (80/20) was more pronounced than that of neat P(3HB) after 60 days of 
soil burial [Casarin et al., 2017]. These investigations all focused on the biodegradation aspects and lack 
data on the influence of soil burial on mechanical durability and the interconnections between these 
properties. Also, the underlying mechanism of the effect of wood reinforcements on the biodegradation 
is not yet fully understood.  
Overall, the total extent of biodegradation of WPCs was highlighted in most studies but the kinetics and 
mechanisms were not explicitly studied. Therefore, it is necessary to fully characterise the 
biodegradability of PHA/WF composites in practical real-life contexts such as soil burial under ambient 
outdoor conditions. In this work, composite samples based on PHBV and Pinus radiata WF with three 
different wood content levels (0, 20 and 50 wt%) were placed under the soil at a fully monitored field 
trial site in sub-tropical Queensland (27.5o S, 152.9o E). Two wood contents, 20 and 50 wt%, were chosen 
to assess the effect of wood content. Polylactic acid (PLA) and polyethylene (PE) composites containing 
50 wt% WF were used as experimental reference materials. The objective of this study was to 
characterise the biodegradability of PHBV WPCs in soil through monitoring the macroscopic (weight 
loss, mechanical properties), microscopic (micro-structure) and chemical (oxygen consumption) changes 
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over time upon soil burial. Other goals were to understand the role of WF on the biodegradability, and 
compare the end-of-life of PHA WPCs against PLA- and PE-based WPCs to assess their relative benefits.  
 Experimental procedure 
 Materials 
The TianAn PHBV and WF as described in chapter 4.1 were used in this chapter. PLA (IngeoTM 2003D) 
and HDPE (EL-Lene H5818J) pellets used for the reference PLA/WF and PE/WF composites materials 
were obtained from Natureworks and SCG Chemicals respectively.  
 Composite extrusion 
The formulations with associated sample identification are summarised in Table 9-1. The composites 
samples used in this study are analogous to the samples from the study of the outdoor natural weathering 
of PHA/WF composites produced as described in chapter 8.3.1.2. 
Table 9-1 Composite formulations for soil burial study 
Samples PHBV (wt%) PLA (wt%) HDPE (wt%) WF (wt%) 
PHA0W 100 -- -- -- 
PHA20W 80 -- -- 20 
PHA50W 50 -- -- 50 
PLA50W -- 50 -- 50 
PE50W -- -- 50 50 
 Field trial 
The melt-pressed sheets were laser cut to produce 70 x 15 x 1.6 mm rectangular specimens for soil burial. 
ASTM G160-12 was used as a basis for the biodegradation tests but natural outdoor burial conditions 
were used instead of a fully controlled environment. The samples were buried under the soil (at approx. 
7 cm in depth) at a fully monitored field trial site in sub-tropical Queensland (27.5o S, 152.9o E). On-site 
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weather data including air temperature, total rainfall and solar radiation were recorded. Specimens were 
collected after 1, 2, 3.5, 6 and 12 months for physical and mechanical characterisation. Five replicates 
were run for each time point. 
 Characterisation methods 
To understand the mechanical stability of the composites upon soil burial, the physical appearance, 
molecular weight (by GPC analysis, chapter 4.2.5), thermal properties (chapter 4.2.3) and tensile 
properties (chapter 4.2.8.1) of all of the composites were characterised. SEM (chapter 4.2.13, 30 nm 
Iridium coated, JOEL 6460 and JOEL 6610, accelerating voltage: 5 kV, spot size: 50, working distance: 
~8 mm) was employed to study the micro-structure of the surfaces of the extruded composites. Optical 
microscopy (chapter 4.2.11) was used to visualise the cross-section of the composites. All the details 
described in chapter 4.2 apply to this study. Additional characterisation methods are outlined below.  
 Moisture content weight loss 
Before soil burial, the specimens were first dried in a vacuum oven at 80○C at -80 kPa gauge for 24 hours. 
The samples were then pre-weighed and marked with unique identification codes. At each time-point, 3 
buried specimens were collected, wiped with a cloth, and weighed, before drying in the vacuum oven at 
the same settings as above. The moisture content of the recovered samples was determined by dividing 
the weight loss following drying by the weight before drying. The dry weight loss values of the samples 
were determined using the following equation: 
% 𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑠𝑜𝑖𝑙 𝑏𝑢𝑟𝑖𝑎𝑙 − D𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑢𝑟𝑖𝑎𝑙
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑢𝑟𝑖𝑎𝑙
× 100% 
 PHA content determination 
A chloroform extraction method was used to determine the PHA content in the composites after soil 
burial. 50 mg of composite samples were cut into thin slices (approx. 3 x 3 mm) and placed into 25 mL 
capped glass tubes. 10 mL of chloroform was then added. The mixtures were placed in a heating block 
at 75○C for 2 hours to allow for complete dissolution. The samples were then filtered through 0.22 µm 
Teflon disc filters and washed with excess chloroform to separate the dissolved PHA from WF, before 
pouring into a petrie dish. The solution was allowed to cool and evaporate for at least 24 hours at room 
temperature, and then dried in the vacuum oven at 60○C at -80 kPa gauge for 12 hours. The weight of the 
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dried extracted polymers were then determined by subtracting the weight of the dried empty Petrie dish 
from the total weight. 
 Lab-scale anaerobic biodegradation characterisation using OxiTop WTW system 
The rates of aerobic biodegradation of the composite samples in soil analysed using the OxiTop WTW 
system (Figure 9-2). The ASTM D5988-12 standard was used for this study with the following changes 
to allow for direct comparison to the field trial in that the soil used was collected from the field trial site 
and the samples with the same dimensions were used. Thus, for each test the 70 x 15 x 1.6 mm rectangular 
specimens were placed into 200 g of the field collected soil with a moisture content of 80% of soil 
moisture holding capacity. This capacity was determined based on the weight of the soil saturated by 
water and the dry weight of the soil. The soil sample was saturated with water from an adjacent container 
where the water level was kept in the middle of the soil until equilibrium as shown in Figure 9-1. 
 
 
Figure 9-1 Apparatus for the determination of moisture holding capacity of soil.  
This mixture was placed in a 1.0 L OxiTop bottle with 50 mL of 0.5 M KOH solution to act as a CO2 
trap. The bottles were sealed with the OxiTop-C head attached and placed in a dark cupboard at ambient 
temperature and pressure. A negative control of soil only and a positive control of starch (Gelose-80) 
were included alongside the composition tests. For starch powder, 0.8 g of Gelose-80 powder were 
placed into 200 g of soil with 80% of moisture holding capacity. The OxiTop-C heads recorded a data 
point every 6.6 hr (396 min). All tests were run in duplicate over a period of 12 months.  
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Figure 9-2 Oxitop jar that was used for studying the aerobic biodegradation of the composite samples 
in soil 
 Results 
 Physical appearance 
Figure 9-3 shows the visual appearances of both surfaces of the initial and buried samples at five different 
exposure times (1, 2, 3.5, 6 and 12 months). All samples darkened throughout the burial period. The 
darkening was brought about by the attachment of soil or dirt on the sample surfaces when in contact. 
Neat PHBV (PHA0W) samples were still intact after 12 months of burial and lacked any obvious signs 
of degradation on inspection. PHA20W had visibly rougher surfaces when compared to PHA0W, and 
PHA50W had the most severe damage, after 12 months. As can be seen in the 3rd column of Figure 9-3, 
the materials at the edges of PHA50W samples were eroded. Such erosion was likely linked to the 
expected bacterial attack and/or fungal (enzymatic) degradation which is common in the soil environment 
[Jendrossek & Handrick, 2002]. PLA50W and PE50W samples also had rougher surfaces after 12 months 
but showed minimal signs of degradation on inspection. No notable differences were observed between 
the PLA50W and PE50W samples after soil burial.  
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Figure 9-3 Visual appearances of all unaged and buried samples at five different exposure times (1, 2, 
3.5 and 6 months) showing both surfaces (top surface in upper row, bottom surface in lower row) 
Chapter 9 
208 
 
 Micro-structure of surface by scanning electron microscope (SEM) 
A closer inspection of the surfaces of the buried samples was conducted using SEM under secondary 
electron mode, with a view to identify sites of bacterial or fungal activity. The first two columns of Figure 
9-4 show the SEM micrographs of the surfaces of all samples before and after 12 months of soil burial 
at low magnification (100×), whereas the images in the third column are samples after 12 months at 
higher magnification (1000×), zooming in on the obvious biodegradation sites. Despite the observed low 
weight loss, neat PHBV (PHA0W) clearly had rougher surfaces with dents after 12 months of soil burial. 
The surfaces of PHA20W were also significantly rougher after soil burial. A network of fungal hyphae 
filaments was embedded within the matrix along with the presence of spores. 
PHA50W, PLA50W and PE50W started off with notable surface roughness and dents, which were 
attributed to the imperfect mixing and consequently inhomogeneous nature of the composites post 
processing. After 12 months, wood particles in the PHA50W sample were clearly exposed by the surface 
erosion of PHBV. A site with simultaneous wood and PHBV biodegradation was captured at higher 
magnification, and biodegradation of the wood particles was evidenced by a depression in the middle of 
the particles, which were wrapped by a network of fungal hyphae filaments and spherical spores. Such a 
network of long, filamentous fungal hyphae and spherical spores was also seen in decayed woody 
materials [Hammer et al., 2014; Xu et al., 2015]. 
When comparing the surface roughness between PHA50W, PLA50W and PE50W after 12 months, 
PLA50W and PE50W were relatively smoother than PHA50W. The observed flat, smooth areas of 
PLA50W and PE50W in the beginning remained smooth after 12 months. One can conclude that the 
biodegradation of PLA and PE was limited in soil under ambient temperatures. At high magnification, a 
network of fungal hyphae filaments and spores was observed within the depression of these materials 
leading to the assumption that these microorganisms are responsible for the degradation of wood. Erosion 
of the PLA50W and PE50W surfaces was found to be located predominantly at the surface depressions 
created during processing where the WF was exposed. 
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Figure 9-4 SEM micrographs of the surface of all samples (in rows) before soil burial (left column) and 
after 12 months (middle column) at 100x magnifications and after 12 months at higher 1000x 
magnification (right column) showing the details on the rough surfaces. Arrows indicate the fungal 
hyphae cells and circles indicate the fungal spores observed.
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 Quantification of degradation by weight loss 
Dry weight loss has been widely established as a direct indication of degradation of polymer and 
composites samples upon soil burial or composting. The percent dry weight loss of all samples were 
plotted against the soil burial time and is presented in Figure 9-5.  
 
Figure 9-5 Percent dry weight loss of all samples (dimension: 70 x 15 x 1.6 mm, initial dry weight: 
approximately 2 g) plotted against soil burial time (data presented as mean values with 95% confidence 
interval)  
Roughly linear weight loss trends were observed for all samples, suggesting that a surface erosion 
mechanism was dominating throughout the testing period [Laycock et al., 2017]. PHA0W was found to 
have only a 2.6 ± 0.1% weight loss after 12 months. However, higher weight loss values were obtained 
in past studies. For example, it has been reported that melt-processed PHB specimens in dumbbell shape 
(injection moulded, unknown thickness) lost 7% of their initial weight after 200 days (~6.7 months) in 
loamy soil at 28oC [Mergaert et al., 1992]. Another study showed that PHB (solvent-cast film, 0.1 mm 
thickness) had a 16% weight loss in soil at a field during the summer season in Russia [Boyandin et al., 
2012]. Likewise, PHB (compression moulded plaque, 1 mm thickness) showed 11% weight loss after 6 
months in boxes filled with garden soil in an indoor environment at 23oC [Avella et al., 2000a]. Another 
study investigated the biodegradation of PHBV in anaerobic conditions and showed that 100% mass loss 
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was observed after 4 weeks of burial in anaerobic digester sludge with mineral media at 37oC [Ryan et 
al., 2018]. This deviation from the literature could be explained by the different thicknesses between 
sample sets [Calmon et al., 1999], different medium and the use of different processing methods [Arcos-
Hernandez, Monica V. et al., 2012], which can lead to differences in surface area and bulk polymer 
density, as well as crystallinity and porosity (surface and bulk), as examples. The varying moisture 
content levels across studies could also contribute to the observed differences.  
The dry weight loss values increased with increasing wood content. Among all PHBV/WF composites, 
PHA50W recorded the highest weight loss values among all samples at every time point, which aligned 
with the results from visual inspection. A 12.7 ± 0.9% weight loss was achieved after 12 months. 
PHA20W achieved a percent weight loss of only approximately half of that of PHA50W after 12 months 
(6.7 ± 0.4%). Same trends were also observed from the anaerobic biodegradation study on PHBV 
composites with oak wood flour that higher fragmentation rate and mass loss rate was observed from the 
composites with 20 wt% oak wood flour when compared to neat PHBV [Ryan et al., 2018]. 
PLA50W (3.7 ± 0.6%) and PE50W (3.9 ± 0.7%) had similar percent weight losses after 12 months. It is 
well-established that conventional PE is non-biodegradable within this timeframe. More interestingly, 
there was no difference when PLA was used as the polymer matrix instead of PE. It has been reported, 
in a field study, that the biodegradation rate of PLA film in soil is much slower than PHA [Rudnik & 
Briassoulis, 2010]. PLA is known to be readily degradable in soil or compost only at elevated 
temperatures (> 45oC) [Karamanlioglu & Robson, 2013]. Under these ambient outdoor conditions, the 
biodegradation rate of PLA was comparable to PE, which was very slow, at least initially before 
autocatalytic depolymerisation starts to accelerate the bulk erosion of such materials. In these cases, it is 
likely that it was the wood component that underwent biodegradation during soil burial [Hamed, 2013].  
 Degradation rate 
The degradation rates of PHA0W, PHA20W and PHA50W were calculated based on the as-obtained 
weight loss data from the 12-month field trial assuming that the samples (both PHA and wood) only 
underwent surface erosion throughout the period (linear weight loss). The degradation rates, in mg/day, 
were normalised by dividing these weight loss values by the exposed surface area of the specimen, in 
cm2, to account for the edge effects. The as-calculated values are presented in Table 9-2. The addition of 
WF resulted in a linear relationship between the degradation rate and wood content (R2 value: 0.998). 
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The linear relationship implies that the inclusion of wood provides a larger surface area for both surface 
erosion of PHA and wood along the interface rather than a shift to bulk erosion of PHA [Laycock et al., 
2017]. This is aligned with the suggested degradation mechanism.  
In order to provide insights into the real-life environmental impact of the melt-processed neat PHA and 
its composites, their maximum lifetime was estimated (Table 9-2). The time needed for melt-processed 
PHA0W, PHA20W and PHA50W plagues (dimensions: 70 x 15 x 1.6 mm; initial weight: ~ 2 g) to 
degrade was calculated based on the weight loss data assuming only a surface erosion mechanism (linear 
weight loss rate) throughout. According to this calculation, it would take 34 years to degrade a melt-
processed neat PHBV slab. The lifetime was halved when 20 wt% of WF was added and was further 
decreased to 7.5 years when 50 wt% of WF was included. The lifetime of PHA-based composites could 
thus be adjusted for specific applications by altering the wood content. It is worth noting that these values 
over-estimated the actual lifetime of the neat PHA and composites, as simultaneous surface and bulk 
erosions occur when the thickness of the samples or of the exposed interior regions are lower than the 
critical thickness (Figure 9-12), resulting in an exponential decrease in weight and thus acceleration of 
the degradation. 
Table 9-2 Degradation rate and estimate maximum lifetime of PHA0W, PHA20W and PHA50W under 
soil burial based on the weight lost data from field trial 
Samples Degradation rate based on 
weight lost data 
(𝒎𝒈 𝒄𝒎𝟐 − 𝒅𝒂𝒚⁄ ) 
Estimated maximum lifetime based on 
weight lost data 
(years) 
PHA0W 0.0069 34 
PHA20W 0.015 14.5 
PHA50W 0.030 7.5 
 
 PHA content after 12 months 
In order to understand whether the weight losses observed from the composites were associated with the 
degradation of PHA or wood, the polymer contents of the PHA composites after 12 months were taken 
using the chloroform extraction method and presented in Table 9-3. The theoretical PHA contents 
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assuming that the weight loss observed was associated with PHA only and wood only were also 
determined as a comparison. The PHA content in PHA20W after 12 months was 74 ± 1%, which was 
lower than the theoretical value if the weight loss observed was associated with PHA only (79%). The 
lower experimental PHA content compared to expectation could be attributed to residual PHA which 
was not extracted and solution losses during the pouring and filtering processes. Nevertheless, comparing 
the PHA content before and after soil burial could still provide insights into the location of degradation. 
PHA20W, for example, had a lower PHA content after 12 months, which suggested that more PHA was 
degraded than wood. With a high PHA to wood ratio, the WF could be surface wetted/coated by the PHA 
such that the microorganisms were not able to access it. As can be seen in Table 9-3, the experimentally 
determined PHA content of PHA50W after 12 months fitted within the window between the theoretical 
values. This implied that both the WF and PHA had degraded throughout the 12 months in soil.  
Table 9-3 Experimentally determined PHA contents of PHA20W and PHA50W after 12 months of soil 
burial in comparison with the theoretical PHA content if the weight loss observed was associated with 
PHA only and with wood only  
Samples Experimentally 
determined PHA content 
after 12 months (%) 
Theoretical PHA 
content if weight loss 
observed was only 
PHA (%) 
Theoretical PHA 
content if weight loss 
observed was only wood 
(%) 
PHA20W 74 ± 1 79 86 
PHA50W 48 ± 3 43 57 
 
 Quantification of degradation by molecular weight analysis 
Since PHA has been reported to be degraded through chain scission and hydrolysis [Mergaert et al., 
1993], the variations in molecular weight of PHA in all PHA-containing samples during the degradation 
period in soil were investigated. PLA50W was used as a reference. The number-average molecular 
weight (𝑀𝑛̅̅ ̅̅ ), weight-average molecular weight (𝑀𝑤̅̅ ̅̅̅) and polydispersity (PDI) are shown in Figure 9-6a, 
b and c, respectively. The molecular weight data showed similar trends to the weight loss results. Only a 
5% decrease in 𝑀𝑛̅̅ ̅̅  and a 13% decrease in 𝑀𝑤̅̅ ̅̅̅ were observed from PHA0W after 12 months of soil 
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burial. It is however noted that the 𝑀𝑛̅̅ ̅̅  of PHA0W had increased slightly after 3.5 months. It is known 
that the lower molecular weight chains are more readily degraded [Numata et al., 2009], as well as being 
more concentrated in the amorphous regions which are in turn more rapidly degraded than the crystalline 
regions. In addition, lower molecular weight chains can more readily migrate, and may relocate to the 
surface where they again can be readily degraded by extracellular enzymes. As 𝑀𝑛̅̅ ̅̅  is more sensitive to 
the changes to the proportion of low molecular weight chains, an increase in 𝑀𝑛̅̅ ̅̅ could be associated with 
the digestion of the lower molecular weight chains.  
The decreases in both the 𝑀𝑛̅̅ ̅̅  and 𝑀𝑤̅̅ ̅̅̅ of PHBV throughout 12 months of soil burial became more severe 
with increasing wood content, although were still not significant. It is worth noting that with surface 
erosion of PHA polymers, the material properties of the bulk polymer (such as mechanical properties 
and molecular weights) will remain relatively unchanged, at least until bulk depolymerisation starts to 
take place.  
The PLA in PLA50W showed similar 𝑀𝑛̅̅ ̅̅  and 𝑀𝑤̅̅ ̅̅̅ values throughout the soil burial period, showing that 
PLA underwent minimal biodegradation in soil after 12 months under ambient conditions and/or was 
only surface eroded. Finally, the PDI values for all samples were similar throughout the 12-month soil 
burial period (as can be seen as can be seen from Figure 9-6c, suggesting that the distributions of 
molecular weight were similar at all time-points. The drops in 𝑀𝑛̅̅ ̅̅  and 𝑀𝑤̅̅ ̅̅̅ of PHBV in composites after 
12 months of soil burial were more significant with increasing wood content. The PLA in PLA50W also 
showed similar 𝑀𝑛̅̅ ̅̅  and 𝑀𝑤̅̅ ̅̅̅ values before and after soil burial, showing that PLA underwent minimal 
degradation in soil after 12 months at ambient conditions. Finally, the PDI values for all samples were 
similar throughout the 12-month soil burial period (as can be seen as can be seen from Figure 9-6c) 
suggesting that the distributions of molecular weight were similar at all soil burial time points.  
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Figure 9-6 The (a) number-average molecular weight (𝑀𝑛̅̅ ̅̅ ), (b) weight-average molecular weight (𝑀𝑤̅̅ ̅̅̅) and (c) polydispersity (PDI) of all 
unaged and buried samples against burial time 
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 Quantification of biodegradation through oxygen consumption 
Chemical changes upon biodegradation were captured by the measurement of the evolution of CO2 and 
thus indirectly the consumption of oxygen by soil micro-organisms in laboratory trials. Oxitop jars with 
a CO2 trap were established for testing biodegradation in soil. PHA20W, PHA50W, PLA50W and 
PE50W were assessed along with a negative control (just soil) and positive control (starch powder - 
Gelose 80). The pressure data was corrected against the negative control. With a CO2 trap in place, the 
consumption of the oxygen during the biodegradation of PHA and wood generated a negative pressure 
inside the sealed jar, which was automatically measured by the jar tops. The following calculations were 
performed to estimate the percent degradation data from the pressure data with several key assumptions:  
 First, it was assumed that the CO2 production rate by the microorganisms is directly proportional 
to the degradation of the carbon content inside the composites.  
 Second, it was assumed that the starch was fully degraded when the pressure reading in that vessel 
stabilised. The corrected pressure curves of the starch samples showed that a plateau was achieved 
after 400 days and the pressure reading at that point was used for calculation.  
Using the pressure at this end point, the pressure change per carbon content can be estimated by dividing 
the end pressure value from the model by the theoretical amount of carbon content in starch. The % 
carbon degraded was then calculated using the following equation: 
% 𝐶 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑑𝑎𝑡𝑎)
𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑤ℎ𝑜𝑙𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 
This % carbon degraded for PHA20W, PHA50W, PLA50W and PE50W was then plotted against time 
(Figure 9-7), showing the curves of both duplicates.  
The biodegradation of PHA20W and PHA50W was initiated after around 50 days with a linear increase 
in % degraded throughout the incubation period of 12 months. This lag time has been reported to be 
associated with the time needed for adherence of microorganisms on the surface [Wen & Lu, 2011]. 
Large variations between the duplicates were observed, which was common for biological activities. In 
contrast to the results from dry weight loss in the field trial, the biodegradation rates were similar between 
the two wood contents, wherein PHA20W and PHA50W were on average 36% and 35% degraded after 
12 months, which were higher than the weight loss values. Without both air-cooling and sunshine, the 
samples were exposed to soil at higher moisture content, wherein the presence of moisture has been 
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shown to accelerate the biodegradation of both wood [Viitanen Hannu, 1997] and PHA [Kyrikou & 
Briassoulis, 2007], which has also been demonstrated experimentally in chapter 8.3. 
PLA50W and PE50W took much longer time to degrade than PHA, with biodegradation not being 
initiated until after 320 days. This result aligned with the trends observed from the field trial in that the 
wood particles were partially protected from bacterial and fungal attack by the slow degrading polymer 
matrix.  
 
Figure 9-7 Biodegradation rate of PHA20W, PHA50W, PLA50W and PE50W from CO2 evolution 
data. Full and dashed lines represent the results from replicate (parallel) studies. 
 Micro-structure of cross-sections by optical microscopy  
To understand the structural effects of the biodegradation process, the micro-structures of the cross-
sectional surfaces were analysed. The optical microscopy images of the cross-sections before burial and 
after 12 months are presented in Figure 9-8. As can be seen from the first row in Figure 9-8, neat PHBV 
(PHA0W) was intact and free of obvious porosity in the bulk both before and after soil burial. The only 
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sign of biodegradation was the formation of rough surfaces along the edges, which served as evidence of 
the surface erosion mechanism for PHA. There was a visual difference between surface and bulk in the 
PHA20W sample (second row, Figure 9-8). The surface erosion of PHA and possibly degradation of 
accessible WF near the surface introduced cracks around the edges for a depth of approximately 200 μm 
whereas the bulk was still intact with minimal obvious porosity. The bacterial or fungal attack was limited 
to the surface by the loose network of WF such that it lacked a clear pathway for water to penetrate 
through the samples. However, for PLA50W and PE50W, porosity was observed within the bulk in all 
samples containing 50 wt% WF, independent of polymer type, after 12 months of soil burial. This 
porosity could be attributed to the flaws produced during processing and also the degradation of wood 
particles by microbial attack.  
When comparing between the images of PHA50W before and after soil burial (third row, Figure 9-8), 
more cracks and porosity were observed than for the PLA50W and PE50W samples. Figure 9-9 shows 
the optical microscopy image of the cross-section of PHA50W at higher magnification showing the 
network of cracks at the edges. The cracks penetrated through to the bulk of the composite sample. It can 
be seen from Figure 9-9 that the cracks run particularly along the wood-PHA interface, as annotated by 
the black arrows. The black regions in Figure 9-9 represented the edges of the cracks and the white 
regions were the loosened/opened channels developed from the initial cracks. For PLA50W (forth row, 
Figure 9-8), the observed porosity was most likely due to the flaws formed during processing, as black 
regions were also seen in the sample before burial. This agreed with the weight loss results in that the 
biodegradation of wood in PLA50W was low. PE50W (fifth row, Figure 9-8) also had similar intact 
microstructures before and after soil burial. Signs of wood degradation in PLA50W and PE50W were 
only evidenced by the higher porosity near the surface, as can be seen from the optical microscopy 
images. 
Chapter 9 
219 
 
 
Figure 9-8 Optical microscopy images of the cross-sections of all samples (in rows) before soil burial 
(left column) and after 12 months (right column)  
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Figure 9-9 Optical microscopy images of the cross-sections of PHA50W after 12 months of soil burial 
at higher magnification. The arrows show the loosened/opened channels developed from the 
propagation of initial cracks. 
 Moisture content 
The samples were placed underground at a site with an accumulated rainfall of 890 mm throughout the 
burial period, allowing for water absorption by the hygroscopic WF. The moisture contents were 
therefore determined to connect the role of moisture to the biodegradation of the composites. Figure 9-10 
shows the water absorption profile of all samples against soil burial time. PHA0W showed a slight and 
gradual increase in moisture content throughout the 12 months reaching a maximum moisture content of 
1.0 ± 0.2% after 12 months, showing that PHA had very limited water uptake, which may be associated 
with surface roughness. PHA20W had the same profile as PHA0W for the first month, then the moisture 
content increased rapidly over the next 2 months and then stabilised at 5.7% ± 0.5%. The moisture uptake 
of all composites containing 50 wt% WF increased rapidly after 1 month which implies that the WF was 
not completely sealed by the polymer matrices. PHA50W achieved a moisture content of 18.4% ± 0.6% 
after 12 months of soil burial. Similar equilibrium moisture contents were observed from water 
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immersion studies in the literature, with 18.8% moisture contents for PHBV composites with 50 wt% 
pine WF in chapter 6.2.3.2 and 4.8% for PHBV with 20 wt% of oak WF [Srubar et al., 2012a]. Such 
similarity was not surprising given that the water from rainfall can be trapped under the soil and provide 
a moist environment. However, higher initial absorption rates were observed in water immersion studies 
due to the higher water content in the environment. In the current study, the moisture content profiles 
after 1 month were different for each polymer matrix. PHA50W showed a gradual increase in moisture 
content over the 12 months. No further increase was observed from PE50W and PLA50W after 1 month. 
The saturated moisture content for PLA50W and PE50W were 13% ± 1% and 11% ± 1%, respectively, 
which were lower than the saturated value of PHA50W.  
 
Figure 9-10 Moisture uptake profile of all unaged and buried samples against burial time 
 Mechanical properties 
The macroscopic changes following the degradation of the composites were characterised by determining 
the change in mechanical properties upon soil burial. The tensile strength, tensile modulus and strain at 
break of the composites are presented in Figure 9-11a, b and c respectively. The tensile strength of neat 
PHBV (PHA0W) was maintained throughout the burial period. The tensile modulus increased and the 
tensile strain at break decreased for the first 2 months and were maintained after 2 months. The increase 
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in tensile modulus and brittleness of PHA have been associated with the secondary crystallisation of 
PHA which was commonly observed [Wei & Mcdonald, 2016]. When wood was added, the mechanical 
stability of the samples under soil deteriorated: both the strength and stiffness of PHA20W decreased, 
although the samples were still intact after 12 months. The moisture-induced mechanical deterioration 
[Srubar & Billington, 2013] and the erosion of both wood and PHA as evidenced by the weight loss 
could be used to explain the worsened mechanical stability. Unlike PHA20W, PHA50W samples lost all 
their mechanical strength after 12 months (the samples fractured on being placed into the grips for 
testing). On the other hand, PLA50W and PE50W showed only slight decreases in tensile strength over 
time. Furthermore, the tensile modulus and tensile strain at break remained the same throughout the soil 
burial period.   
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Figure 9-11 The (a) tensile strength, (b) tensile modulus and (c) tensile strain at break of all unaged and buried samples against burial time 
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 Discussion 
 Biodegradation mechanism of neat PHA 
Two mechanisms, surface and bulk erosion, are involved in the hydrolytic degradation of biopolymers, 
which is governed by the relationship between the thickness of the polymer (L) and the critical thickness 
(Lcrit). For enzymatically catalysed hydrolysis, such as for PHA, the rate of hydrolysis at the surface is 
much greater than the uncatalysed rate of hydrolysis internally, and polymers are therefore eroded layer 
by layer from the surface to the core. The bulk remains intact as the microorganisms and their associated 
enzymes cannot access the bulk due to their size. The changes in mass, molecular weight and mechanical 
property against burial time are illustrated in Figure 9-12. When the surface eroded polymer reduces to 
a thickness that is lower than Lcrit, the degradation mechanism shifts to a combined bulk and surface 
erosion where the material degrades internally at a significant rate and becomes subject over time to 
autocatalytic depolymerisation. The polymer is eroded in bulk throughout the matrix which results in an 
exponential decrease in mass, molecular weight and mechanical property as illustrated in Figure 9-12. 
PHA undergoes biodegradation via a surface erosion mechanism (with a linear degradation rate) until it 
reaches a critical thickness at which point bulk erosion (with an exponential degradation rate) is initiated 
[Laycock et al., 2017]. Therefore, as for other surface eroding biodegradable polymers, the 
biodegradation rate of PHA depends on the sample geometry and thickness.  
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Figure 9-12 The stages and mechanisms of biodegradation by hydrolysis of biodegradable polymers. 
Under a surface erosion mechanism driven by enzymatic hydrolysis, the polymer is eroded layer by 
layer and the core remains intact. When the sample is thin enough, both surface and bulk erosion take 
place throughout the matrix. [Laycock et al., 2017]  
The mechanism of surface erosion of PHA was demonstrated in the field trial results. After 12 months 
of soil burial, the mechanical strength was retained and only a slight loss in molecular weight was 
evidenced, whereas a linear mass loss trend was observed throughout the burial period. Without a void 
network across the sample, living microorganisms such as bacteria and fungi, and the relevant 
degradation enzymes that initiate the biodegradation, cannot access the bulk of the hydrophobic PHBV 
sample, thus resulting in surface erosion [Lyu et al., 2005]. Therefore, biodegradation can only happen 
slowly on the surface of the PHBV. With a relatively low exposed surface area, this led to a low dry 
weight loss after 12 months in soil. The molecular weight and mechanical properties results were in line 
with the weight loss result in that the neat PHBV degraded by surface erosion, which did not affect the 
polymer chain lengths in the bulk.  
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 Biodegradation mechanism of PHA-wood composites 
The degradation mechanism became more complicated when WF was added into the system. The mass 
and molecular weight loss upon burial behaved similarly to the surface erosion mechanism of 
biodegradable polymers. However, the mechanical properties behaved more like the bulk erosion 
mechanism, given that the loss of PHA and wood from surface erosion created porosity and cracks within 
the composite matrix, leading to loss of mechanical integrity. As mechanical properties are more 
sensitive to the bulk properties among the three tested properties (mass, molecular weight and mechanical 
properties), the mechanical properties thus change in a manner reminiscent of bulk erosion, even if the 
underlying molecular changes are not driven by such processes. 
The following mechanism was proposed based on the observations, with a schematic diagram that 
illustrates the putative mechanism being presented in Figure 9-13. In this model, initial surface erosion 
of PHA took place when in contact with the enzymes associated with bacteria or fungi, which need a 
sufficiently wide porous pathway to access internal sites [Lo & Jian, 2003]. The moisture absorbed by 
the wood creates a local moist environment at the wood-polymer interface, likely promoting phenomena 
similar to crazing and localised environmental stress cracking, possible hydrolytic degradation and 
eventually loosened the interface. Through providing an open channel adjacent to the wood following 
polymer degradation and stress cracking, a pathway for bacteria and fungal hyphae was created for them 
to navigate into the bulk of the matrix. Thus, the surface erosion of both wood and PHA could happen 
along the wood-PHA interfaces, forming a network of cracks throughout the bulk.  
The observed network of cracks along the interface with a penetrated depth of approximately 1 mm from 
the microscopy images of PHA50W after 12 months (Figure 9-9) was a clear evidence for the proposed 
mechanism. The moisture content and mechanical properties results also provided support for the above 
mechanism. Unlike PLA50W and PE50W, PHA50W showed gradual increase in moisture content from 
3.5 months to 12 months (Figure 9-10).  
The porosity and cracks created by the PHBV and wood biodegradation allowed more water to be 
absorbed within the composite samples. With the presence of defects in the bulk of the composites, the 
samples could only bear a very low load. It should be noted that although the mechanical properties were 
completely lost within 1 year, PHA50W only achieved a 12.7% weight loss. This can be interpreted as 
the mechanical deterioration being not directly induced by the overall weight loss but through the 
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introduction of cracks and porosity by the degradation of wood and PHBV in bulk. The swelling and 
moisture absorption of WF likely promoted localised stress cracking although such phenomena could 
possibly be mitigated by surface modifications of wood or the addition of compatibilisers which have 
shown to improve the mechanical properties [Gregorova et al., 2009] and reduce the rate of water 
absorption [Anderson et al., 2013] of PHA-based composites. The biodegradation rate of PHA-based 
WPCs depends on the surface area of wood-PHA interface and thus the wood content. Although the 
surface erosion rate could be similar, the surface area for surface erosion in PHA50W was significantly 
larger than that of PHA20W and thus the overall degradation rate was higher, which was evidenced from 
the weight loss results. With fewer networks of cracks and less penetration through the composites 
matrix, as observed from the microscopy images, the mechanical property deterioration of PHA20W was 
not as severe as that of PHA50W.  
For PLA50W and PE50W, the biodegradation of WF in composite systems was limited by the partial 
encapsulation of the wood by the non-degradable polymer matrix, such that most of the wood particles 
were not accessible by the surrounding living microorganisms. As a result, the composite’s matrix 
remained intact in bulk with minimal networks of cracks such that low weight loss values were observed 
and their deterioration in mechanical properties was minimal. However, the localised stress induced by 
the moisture absorption of wood, as suggested in the proposed mechanism, also applied to PLA50W and 
PE50W. Given that moisture absorption was still seen in both PLA50W and PE50W, the encapsulation 
was not perfect and the wood particles were still partially accessible. The swelling and moisture 
absorption of WF likely promoted localised stress cracking. The observed slightly reduced mechanical 
strength could be due to the as-created cracks and the biodegradation of accessible wood particles. 
Therefore, it is concluded that the localised stress alone did not lead to the complete loss in mechanical 
properties. The combination of the cracks induced by localised stress and the surface erosion of wood 
and PHA along the opened channel contributed to the complete mechanical loss of PHA50W and thus 
they were the key activities involved in the biodegradation of PHA WPCs. 
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Figure 9-13 Schematic diagram showing the biodegradation mechanism of PHA wood plastic composites 
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 Chapter summary 
A comprehensive study on the macro- and microscopic changes during the biodegradation of PHBV/WF 
composites in soil was performed with a focus on studying the effect of WF and the direct comparison 
to PLA/WF and PE/WF composites. Surface erosion mechanism was demonstrated by the slow 
degradation rate of PHA0W plaques in soil due to the relatively low exposed surface area. The 
degradation rate of PHBV/WF composites increased with increasing wood content. The weight loss after 
12 months was approximately 2.5 times greater for PHA20W composites and 5 times greater for 
PHA50W than for neat PHA (PHA0W) under identical conditions.  
The mechanical properties of neat PHA were retained throughout the 12-month soil burial period. When 
20 wt% of WF was added, the mechanical stability of the samples under soil deteriorated, but the samples 
were still intact after 12 months. More interestingly, PHA50W lost its mechanical integrity after 12 
months although only a 13% weight loss was observed. By contrast, PLA and PE composites showed 
only slight decreases in mechanical properties over time, which could be associated with moisture 
induced localised stress, a phenomenon similar to environmental stress cracking. This alone did not lead 
to a complete loss of mechanical properties. 
A network of cracks and voids along the PHA-wood interface with a penetration depth of approximately 
1 mm was evident from the cross-section of PHA50W after 12 months. It is proposed that the localised 
stress loosened the interface, allowing channels for the bacteria and fungi to access PHA in the bulk of 
the matrix for local enzymatic biodegradation. With this network of interconnecting pores and cracks, 
crack propagation and mechanical failure would readily result from an applied stress. Although the 
erosion rate for the exposed PHA surfaces in the different samples could be similar, the surface area for 
surface erosion in PHA50W was significantly larger following void formation than for neat PHA and 
thus there was a higher biodegradation rate overall. These results suggested that the degradation rate of 
composites with a surface eroding polymer largely dependent on the exposed surface area and thus the 
geometry of the samples. This proposed mechanism, in combined with the mechanism of the weakened 
talc-PHBV interface of chapter 8, provided better insights on the correlations between the change in 
micro-structure and the properties of the composites in the long-term. 
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 Conclusions and Future Perspectives 
The scientific work presented in this thesis covered the key aspects of biocomposites development from 
manufacturing to end of life. This provided new insights regarding bio-derived and biodegradable wood 
plastic composites based on polyhydroxyalkanoate (PHA) and wood flour (WF). This body of work can 
be summarised into five major work packages covering processing; property optimisation; effect of 
copolymer composition; in-service performance; and end-of-life analysis.  
Firstly, in order to fulfil the overall aim of developing a novel, low-cost, high-performance, bio-derived 
and biodegradable PHA-based WPC, we must develop an optimised manufacturing process and achieve 
a commercially relevant mechanical performance of the composites. This formed the first work package. 
The successful manufacturing of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/WF 
composites using extrusion was described in chapter 5. Without functionalisation, the optimised 
extruder setup was capable of producing composites with up to 60 wt% of WF. However, the mechanical 
strengths and toughness decreased when more WF was added. A formulation comprising 50 wt% of WF 
was selected based on the balance of cost-effectiveness and mechanical performance. The as-optimised 
extrusion process met the aim of RO1 of the development of a routine manufacturing process for PHA-
based WPCs.  
As a logical next step after establishing the optimised processing method of PHBV/WF composites in 
chapter 5, optimisation of mechanical properties through conventional methods such as chemical 
compatibilisers and non-reactive additives was performed in chapter 6, which is the second work 
package. The carefully chosen compatibilisation techniques including silicone fibre treatment with 
Sigmacote®, MA-grafted PHBV and pMDI were not effective in enhancing the mechanical performance 
of the prototype PHBV/WF composites. Only a marginal increase in mechanical strength was achieved. 
Further investigation, by fitting the data to an established model on inerfacial interactions, revealed that 
the PHBV/WF composites have already achieved good interfacial interactions without compatibilisation 
when compared to other composite systems. The results suggested that the mechanical properties of the 
prototype composites were dominated by the inherently rigid nature of the WF and that optimisation of 
mechanical properties should also focus on the matrix.  
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Thus, the work on composites’ properties optimisation was extended to the alteration of polymer 
crystallisation behaviour and composite morphology through the addition of boron nitride and talc. The 
increase in the rate of crystallisation did not infer any mechanical improvement. Micro-sized talc offered 
complementary space-filling morphology and reduced the porosity content of the composites coupled 
with improvement in composites strength and stiffness. The stiffness improvement fitted the expectation 
of the micro-structure-property relationship of composite materials. These findings provided insights into 
the inclusion of a combination wood reinforcements with different morphology as a future research 
direction.  
The third work package described, to my knowledge, the first study on the properties of WPCs of mixed 
culture PHBV with 3HV content higher than 24 mol% and of poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P3HB4HB) copolymers. The benefit of using mixed culture polymers is that it allows 
the utilisation of waste streams and also offers cost reduction in comparison with pure culture production. 
The success in manufacturing composites with mixed culture PHA of mechanical properties similar to 
commercial WPCs demonstrated this potential cost reduction strategy, addressing RO3. Since the 
experimental data of chapter 6 did not address the need for higher impact strength and toughness, the 
properties optimisation work was extended to the incorporation of tougher PHA matrices. An innovative 
approach to improve the processabilty and toughness of the composites through the inclusion of 3-HV 
and 4-HB monomers was described in chapter 7. The bulkier 3HV and 4HB monomers disturbed or 
stretched the structure of the co-crystallised 3-HB unit cells and introduced improved toughness to the 
brittle neat P(3HB). The potential of the inclusion of tougher PHA matrices was shown by the 
improvement, albeit marginal, in composites toughness. Unlike the tensile properties, the matrix 
toughness did not transfer effectively to the overall composite toughness. The inherently rigid nature of 
WF, polymer-fibre compatibility or fibre distribution were assumed to be the dominating factors. This 
ties with the outcome from chapter 6. Overall, the optimisation of mechanical performance through the 
addition of compatibilisers, the addition of non-reactive additives and the use of tougher PHA matrices 
established correlations between micro-structure and the composites’ properties, which in combined fit 
with RO2. The void content, localised stress and initial defects were identified as the major factors 
contributing towards the mechanical performance of PHBV/WF composites. 
In the fourth and fifth work packages, attention was turned towards understanding the stability of 
PHBV/WF composites both in indoor and outdoor conditions, and in a soil environment. 
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In the fourth work package, the mechanical stability of the PHBV/WF composites under ambient 
conditions was assessed. This was presented in chapter 8. Results from real-time study proved that the 
composites were mechanically and physically stable under indoor ambient conditions for at least 1 year. 
A surprising result was observed from the mechanical stability of talc-containing composites. It was 
shown in chapter 6 that talc improved the stiffness of the composites but this level of improvement was 
reduced after 1 year of indoor ageing. I proposed, with support from SEM visualisation, a mechanism of 
weakened talc-PHBV interface brought about by the shrinking of PHBV and the swelling of wood.  
When exposed to moisture and sunlight under natural outdoor environment, mould grew on the uncoated 
composites, independent of the polymer type, and also led to worsened mechanical properties. The 
detrimental mechanical stability was not associated with the use of PHA as the matrix but was associated 
with the hygroscopic wood exposed by the uncoated composite surface.  
The last work package explored the end of life analysis of the PHBV/WF composites. A comprehensive 
study on the biodegradation of the composites in soil was described in chapter 9. PHA/WF composites 
showed unique advantage over PLA/ and PE/WF composites with respect to their much higher 
biodegradation rate in soil under natural outdoor conditions. WF accelerated the biodegradation and 
reduced the mechanical stability of the composites when buried in soil. The cross-section images of the 
composites revealed the penetration of interconnecting pores and cracks from the surface to the bulk. I 
proposed that the stress cracking loosened the wood-PHBV interface allowing bacteria and fungi to 
access PHBV in the bulk through the opened pathway increasing biodegradation. This hypothesis, 
graphically presented in Figure 9-13 of chapter 9, as well as the mechanism of the weakened talc-PHBV 
interface of chapter 8, provided better insight on the correlations between the change in micro-structure 
and the properties of the composites in long-term. In addition, I am confident that PHA/WF composites 
are physically and mechanically stable unless they are exposed to colonies of microorganisms such as 
moisture-induced mould growth or those found in soil communities. These outcomes addressed the need 
for the understanding of the in-service life and end-of-life, as identified as RO4 and RO5. However, the 
biodegradation of PHBV/WF composites in other real-life contexts such as landfill and marine 
environments were not part of this thesis. More information on this aspect would help us establish a full 
understanding of the end of life impacts of the composites. 
Overall, the results has shown that wood is a key factor when considering both the performance and the 
biodegradation of PHA /WF composites. WF products were chosen as they are abundantly available and 
Chapter 10 
233 
 
are readily generated as low-cost by-products (such as sawdust and shavings). More research remains to 
be done on exploring the use of other fibres of different sources and morphology. The balance between 
cost and performance improvement remains a key consideration. Efforts should also be made on 
characterisation of the surface properties of the polymer and fibres and their correlations to the micro-
structure of the composites. This would enable a deeper understanding on the factors that contribute to 
the micro-structure, which was identified as a key component for achieving good mechanical properties.  
To conclude, this research has paved the way towards development of novel composites which provide 
utility to what would be a low-cost stream from the forestry product manufacturing processes. However, 
many obstacles remain to be overcome. A combined effort across research communities of different 
disciplines is needed to consolidate the current outcomes and contribute towards successful development 
and utilisation of materials with sustainable futures. 
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